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INHIBITION OF STAT3 SIGNAL TRANSDUCTION FOR

HUMAN CANCER THERAPY

Related Applications

The present application claims priority to U.S. Provisional application 60/1 17,600, filed

January 27, 1999 which is incorporated herein by reference in its entirety.

Statement of Federal Support

The present invention was made in whole or in part with financial support fi-om the

Federal Government under grants CA77859, CA55652, and CA75243 firom the National Cancer

Institute. The Federal Government may have certain rights in this invention.

1. Field of the Invention

The present invention relates generally to intracellular receptor recognition proteins

involved in signal transduction, and to the role of such proteins in the promotion and

maintenance of pathogenic and non-pathogenic cell growth; to methods and compositions

reactive towards such proteins, or indirectly influencing their function; to the use of such

compositions in assays, diagnosis or in treatment; to methods and assays whereby compositions

reactive to such proteins may be identified; and to means for introducing such compositions into

cells. More particularly, the invention relates to STAT (Signal Transducer and Activator of

Transcription) proteins, in particular STAT3, demonstrated to participate in intracellular events

resulting in aberrant cell grov^, to compositions and methods for inhibition ofSTAT signaling,

and to interference with STAT3 signaling for the purpose ofinhibiting malignant transformation,

cancerous growth, and oncogenesis.

2. Background of the Invention

Studies of interferon (IFN)-dependent gene expression have led to the elucidation of

pathways that signal directly from the cell surface to the nucleus. The Signal Transducers and

Activators ofTranscription (STATs) are essential mediators ofsignaling inthese direct pathways.

The STATS comprise a family of transcription factors that are activated by tyrosine kinases in

the cytoplasm and then migrate to the nucleus where they directly regulate gene expression.

Seven mammalian STAT family members (Statl-Stat6, with STATSa and STATSb

representing distinct genes) have been molecularly cloned and share common structural elements,
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including a Src-homolpgy 2 (SH2) domain. Monomelic, inactive STAT proteins associate with

each other to form active dimers through a key phosphotyrosine (pY) residue, which binds to the

SH2 domain ofanother STAT monomer. Reciprocal SH2-pY interactions are critical for STAT

functions, including nuclear transport and DNA binding. The DNA-binding domain resides in

the N-terminal portion of the STAT molecule (Horvath, et al., 1995, Genes Dev. 9:984-994).

Located within the C-terminal portion is the transactivation domain, which contains critical

serine residue, the phosphorylation of which is required for maximal transcriptional activity.

The signal cascade initiates when cytokines (such as IFNs and members ofthe interleukin

family) or growth factors (epidermal growth factor and platelet-derived growth factor, for

example) bind to their cognate cell surface receptors. Certain growth factor receptors possess

intrinsic tyrosine kinase activity and phosphorylate STATs directly, thereby activating STAT

signaling, hi contrast, cytokine receptors lack intrinsic kinase activity, and recruit members of

the Janus kmase (JAK) family of cytoplasmic tyrosine kinases to activate STATs. JAK family

kinases have been shown to be involved in STAT activation (Ihle & Kerr, 1995, Trends in

Genetics, 1 1 :69-74). Depending on which STAT family members are activated, STATs may

associate as homodimers or heterodimers, and then translocate to the nucleus, whereupon the

activated STAT dimers bind to specific DNA-response elements in promoters, and induce

expression of target genes.

Certain non-STAT3 STAT proteins and chimeric peptides derived from them were

described by Darnell, Jr„ et al. (US Patent No. 5,716,622, published February 10^ 1998). In

related patents, further non-STAT3 STAT DNA sequences were disclosed, and chimeric STAT

proteins were claimed (US Patent Nos. 5,883,228, published March 16*, 1999; US 5,976,835,

published November 2"^ 1999).

Thus, the STAT proteins appear to have a role in the regulation of cell growth.

Constitutive activation of various members of the STAT family has been reported in different

cell lines. The present invention significantly extends the characterization of STAT3's role in

growth regulation and ocognesis, beyond those described previoxisly, and establishes rationale

for modulation of STAT3 signaling for the purpose of treating patients with cancerous

conditions. The present invention addresses that need by advancing means for such regulation.

3, Summary of the Invention

In its broadest aspect, the present invention is related to the identification of the role of

STAT3 activation in tumorigenesis, and the related phenomena of resistance to apoptosis and
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resistance oftumor cells to chemotherapeutic agents. In particular, the present invention relates

to disruption ofSTAT3 intracellular signaling in the treatment tumors and in the prevention of

tumorigenesis.

Present inventors disclosure herein that the oncogenic tyrosine kinases, viral Src (v-Src)

and cellular Src (c-Src), constitutively induce STAT3 DNA-binding activity in stably-

transformed rodent fibroblast cell lines. This comprises the first report of activation ofSTAT

signaling by a specific oncoprotein. It is disclosed herein that activation ofSTAT3 DNA-binding

activity by the Src oncoprotein leads to induction of STATB-specific regulation of gene

expression. Moreover, they establish that STAT3 signaling is required for oncogenesis by Src

using a dominant-negative form of STAT3 protein that interferes with STAT3-mediated

signaling and blocks cell transformation. These findings provided the first direct evidence that

STAT signaling has a causal role in oncogenesis.

Accordingly, in a first aspect, the invention is directed to a method of inhibiting the

growth of cancer cells in a patient through administration of antagonists of STAT3 signaling.

In particular, STAT3 is shown to be constitutively activated in several human tumors and tumor

cell lines. Furthermore, such activation possesses two features which suggest opportunities for

therapeutic intervention. Firstly, it is shown that certain tumors and tumor cell lines are

dependent upon constitutive activation of STAT3, while untransformed cell lines are not.

Secondly, antagonists of STAT3 signaling promote apoptosis in certain transformed, but not

untransformed, cell lines. These are not general characteristics of all STAT protein family

members, but represent novel characteristics discovered by the inventors. Thus, due to these

specific properties, STAT3 is a suitable target for therapeutic intervention in the treatment of

human cancer. In this first aspect, inhibition ofSTAT3 signaling is accomplished in a number

of ways. Dimerization of STAT3 through key phosphotyrosine residues is required for

activation, and so dimerization requires tyrosine phosphorylation. Inhibitors oftyrosine kinases

that inhibit STAT3 signaling, include but not limited to tyrphostins, in particular AG-490, and

inhibitors ofJak, Src,BCR-Abl tyrosine kinases. Other tyrphostins suitable for use in the present

invention include, but are not limited to AG17, AG213 (RG50864), AG18, AG82, AG494,

AG825, AG879, AGl 112, AG1296, AG1478,AG126, RG13022, RG14620, AG555, andrelated

compounds. It is shown herein that AG-490 inhibits STAT3 intumor cell lines in a manner that

correlates with inhibition oftumor cell growth. It is fiirtherknown that the malignant progression

and survival of certain tumor cell lines is dependent upon the presence of cytokines. For

example, malignant progressionofmultiple myeloma requires IL-6, which was previously known
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to elevate Bc1-Xl levels within the cell. Herein it is shown for the first time how blocking the IL-

6 pathway blocks STAT3 activation and decreases transcription of the Bcl-x gene. Therefore,

in this first aspect, inhibition ofSTATS activation is also accomplished by cytokine antagonism

where the cytokine is an activator of STAT3, or by blocking STAT3-dependent transcriptional

activation.

In a second aspect of the present invention, it has been discovered that inhibition of

STATS signaling selectively promotes apoptosis in tumor cells that harbor constitutively

activated STATS. Therefore, in this second aspect, the desirable goal ofpromoting apoptosis

("programmed cell death") ofselective cancerous cells within a patient is likewise accomplished

through administration of antagonists or inhibitors of STATS signaling in a suitable

pharmaceutical formulation.

In a third aspect, inhibition of STATS activation is shown to be an effective means for

inhibiting tumorigenesis. Therefore, an additional aspect ofthe present invention is prevention

oftumor formation through inhibition oftumorigenesis or neoplastic transformation. In mouse

fibroblasts transformed by the Src oncoprotein, it is shown herein that blocking the constitutive

activation of STATS signaling causes significant suppression of cell transformation and tumor

cell growth and induces human tumor cells to undergo apoptosis.

Apoptosis is both an essential mechanism for the maintenance ofnormal cellular growth

control, and also a key mechanism whereby many chemotherapeutic agents destroy cancer cells.

It is demonstrated herein that the effectiveness of chemotherapeutic agents is enhanced by

inhibition of the STATS signaling pathway, whereby transcription of antiapoptotic factors such

as Bcl-x^ is blocked. Resistance to chemotherapeutic agents and radiotherapy, which often

develops during treatment, has been attributed m part to increases in the intracellular expression

of Bc1-Xl like proteins. Thus, it is an objective of the present invention, in a fourth aspect, to

enhance the effectiveness of chemotherapeutic or radiation treatment ofhuman cancer patients

through inhibition of the STATS signaling pathway.

In a fifth aspect, it is demonstrated that solid tumor growth can be inhibited by

introducing into the tumor cells agents that inhibit STATS signaling. A surprising and

unanticipated benefit of this regime in the treatment of soUd tumors is that the apoptosis thus

induced is not confined to only the cells in which STATS signaling is blocked. Instead,

surrounding tumor cells, but not surrounding normal cells, are also killed, enhancing the efficacy

of this approach beyond that achievable if only cells into which inhibitory agents were directly

introduced were affected. Antitimior bystander effects, such as described herein, have also been
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observed in tumors treated with p53 gene therapy (Coll, et al., 1998, Human Gene Therapy 9:

2063-2074, 1998, Frank, et al, 1998, Clin. Cancer Res. 4: 2521-2528). A recent report

demonstrated 29% growth inhibition of non-transduced cells after p53-transduced and non-

transduced cells were co-cultured in vitro (Frank, et al, 1 998, Clin. Cancer Res. 4: 252 1 -2528).

In this aspect, agents that disrupt STAT3 signaling are introduced into accessible solid tumors,

and in a preferred embodiment, a genetic construct encoding a STAT3 splice variant that results

in formation of inactive STAT3 dimers, is used.

In a fixrther aspect ofthe invention, it is shown that co-administering immunotherapeutic

agents such as IL-12 is advantageous in combination treatment of cancers such as multiple

myeloma. Such combination is beneficial because cytokine-based immunotherapies are effective

means of generating protective antitumor immunity in hosts with minimal tumor burdens.

Therefore, where inhibition ofSTAT3 signaling results in eradication ofmost, but not all, ofthe

tumor burden, or the effectiveness of such treatment is transient as is the case with mouse

myeloma cells, immunotherapy is an attractive means forthe prevention ofrecurrence. However,

it was not obvious that such combination would be possible, because many cytokines including

IL-12 are known to signal through the JAK-STAT pathway. It is the surprising discovery ofthe

inventors, disclosed herein, that inhibition of STAT3 signaling by AG-490, a tyrosine kinase

inhibitor, does not reduce the IL-12 mediated activation ofmacrophage cytotoxicity essential to

IL-12 immunotherapy. Furthermore, the combinational therapy of this aspect of the invention

results in prolonged tumor regression.

In a still further aspect of the present invention, it is desirable to identify specific

compounds that inhibit STAT3 signaling. Specifically, peptides that bind to STATS, deletion

variants thereof, the SH2 domain of STAT3, or disrupt STAT3-DNA binding are specifically

disclosed. Short peptides exhibiting these binding characteristics are identified as described

herein, that are efficient inhibitors and potential lead compounds for future development ofnovel

anti-cancer drugs.

In a final embodiment, it is a further object ofthe present invention to provide means for

the efficient screening of potential inhibitors of STAT3 signaling. Traditional means require

expensive isotopes and time-consuming gel electrophoresis. In the final embodiment, rapid and

inexpensive screening means are disclosed, in which STAT3 transcriptional activity is non-

radioactively detected through the use ofluciferase reporter genes linked to appropriatepromoter

sequences, including a STAT3-responsive promoter.
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Other objects and advantages will become apparent to those skilled in the art from a

review of the ensuing description which proceeds with reference to the following illustrative

drawings.

4. Brief Description of the Drawings

FIGURE 1: EMSA Analysis of STAT DNA-Binding Activity in Breast Tumors. Tumor (T)

tissue and adjacent (A) non-tumor tissue is analyzed by EMSA using the hSIE probe. Positions

of the various dimers containing STATs 1 and 3 are indicated. Panel A: Specimens are snap

frozen at the time of excision (O time) or 15 minutes later following processing by Pathology.

Panel B : Additional tumor specimens compared to theMDA-MB-468 breast carcinoma cell line.

Results demonstrate increased STAT activities in the majority oftumor specimens compared to

matched non-tumor controls.

FIGURE 2 : Immunohistochemical Analysis ofSTATS Activation in Breast Tissues. Panel A:

Nuclear staining with antibodies to phospho-STAT3 (pY-STAT3) reveals activated STAT3 in

the proliferative (basal) layer ofnormal ductal epithelium. PanelB : Increased levels ofactivated,

nuclear pY-STAT3 are detected in breast carcinoma cells compared to surroimding non-tumor

cells. Panel C: Competition of pY-STAT3 staming with the corresponding phospho-STAT3

peptide antigen demonstrates specificity of antibodies.

FIGURE 3: STAT3 DNA-Binding Activity in Ovarian Cancer. Panel A: EMSA is performed

with the hSIE probe using nuclear extracts prepared from human ovarian cancer cell lines,

SK0V3 and OVIO, compared to the breast cancer cell line, SK-BR-3. Panel B: EMSA of

two primary ovarian tumors compared to v-Src transformed cells. Results demonstrate

activation of STAT3 in ovarian tumor cells.

FIGURE 4: Reproducibility of EMSA for Measuring STAT Activation in Myeloma Tumors.

Levels ofSTAT activation in tumor specimens are shown relative to the U266 cell line, which

has a constitutively-high level of STAT activation. In this case, the controls are bone marrow

specimens from normal donors or patients without evidence ofbone disease. Data represent the

means plus standard deviations from 3 independent analyses by EMSA for each specimen.

FIGURE 5: Activation of STATs in Bone Marrow Tumor Specimens from AML Patients.

Nuclear extracts from AML tumor specimens are analyzed by EMSA using the labeled hSIE

probe (Panel A). U266 cells are used as a positive control. Supershift analyses are performed

to identify the activated dimers containing STATs 1 and 3 (Panel B). Results demonstrate

frequent activation of STATs in AML timiors.
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FIGURE 6: Src and-JAK Inhibitors Block Growth and STAT3 Activation in Breast

Carcinoma Cells. MDA-MD-468 cells are treated with inhibitors ofEGF receptor

(PDl 58780), Src (PDl 80970), or JAKs (AG490), and effects on cell growth (Panel A) and

STAT3 DNA-binding activity (Panel B) are determined.

FIGURE 7: AG490 Blocks Tumorigenicity of Breast Carcinoma Cells. Nude mice are

engrafted with MDA-MB-468 tumor cells, and then treated with AG490 by mini-pumip

infusion (42 mpk) and daily intraperitoneal injections (50 mpk). Results show significant

inhibition oftumor growth by AG490 treatment.

FIGURE 8. Ras-MKKl/2-dependent signaling is required for STAT3-mediated gene

regulation induced by v-Src. NIH 3T3 cells are transiently transfected with indicated

plasmids. Luciferase activities are measured in cytosolic extracts prepared 48 hours post-

transfection and normalized to b-galactosidase (b-gal) activity. (A) NIH 3T3 cells are

transfected with pLucTKS3 reporter alone, or reporter and v-Src expression vector. pMvSrc,

together with or without vectors encoding N17-Ras or NT-Raf as indicated. The N17-Ras

and NT-Raf proteins inhibit Ras in a dominant-negative manner. (B) Cells are transfected

with reporter alone, or reporter and pMvSrc and treated with or without MKKl/2 inhibitor,

PD98059, for 6 h. (C) Cells are transfected with reporter alone, or reporter and pMvSrc with

or without vectors encoding the dominant-negative ERK2 mutant, TAYF, or MKKl

dominant-negative, dnMKKl . Values shown in each panel are means plus standard

deviations of at least four independent transfections, each performed in triplicate.

FIGURE 9. STAT3-mediated gene regulation induced by v-Src requires Racl- and MLK-

dependent p38 and JNK signals. NIH 3T3 cells are transiently transfected with the indicated

plasmids, and luciferase activities are assayed. (A) Cells are transfected with STAT3 reporter

pLucTKS3 alone, reporter and v-Src, or reporter, v-Src and dominant-negative Racl (N17

Racl), or activated Racl (II 1 5 Racl). (B) Cells are transfected with reporter alone, reporter

and v-Src, or reporter, v-Src and dominant-negative DLK (K185A), or p46'»''^ or both. (C)

Cells are transfected with reporter alone, reporter and v-Src, or reporter, v-Src and K185A, or

p3ginapk^ or both. (D) Cells are transfected with reporter alone, or reporter and v-Src and

treated with or without p38'"'^'' inhibitor, SB202190, or PI 3-kinase inhibitor, wortmannin.

Values are means plus standard deviations of at least three independent experiments.

FIGURE 10. v-Src-induced STAT3-mediated gene regulation requires MKK4-dependent

JNK signahng. NIH 3T3 cells are transiently transfected with the indicated plasmids vectors,

and luciferase activities are assayed. (A) Cells are transfected with pLucTKS3 reporter alone.
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reporter and v-Src, or reporter, v-Src and dnMKK4 or myc-p46'"'^ or both. (B) Cells are

transfected with reporter alone, reporter and v-Src, or reporter, v-Src and dnMKK4, or myc-

pjgmapk^ or both. Values are means plus standard deviations of at least three independent

transfections.

FIGURE 11. STAT3-mediated gene regulation induced by v-Src requires Ras-dependent

p38mapk and JNK activities. NIH 3T3 cells are transiently transfected with pLucTKS3

reporter alone, reporter and v-Src, or reporter, v-Src and N17-Ras with or without vectors

encoding ERK2, myc-p38'"'*'' or myc-p46'"''''. Luciferase activities are assayed. Values are

means plus standard deviations of three independent experiments.

FIGURE 12. Analyses of constitutive STAT3 serine phosphorylation and SIE-binding

activity induced by v-Src. (A) Western blot analysis of whole-cell lysates prepared from

normal NIH 3T3 fibroblasts and Src-transformed counterparts treated with or without

PD98059 or SB202190 for 6 hours (lanes 2 to 4). Samples are probed with antibodies

specific to phosphoserine-727 (lower panel) or the N-terminal portion (upper panel) of

STAT3. (B) Nuclear extracts are prepared from NIH 3T3 cells transfected with v-Src. Equal

amounts of total protein are incubated with ^^P-iabeled M67SIE and subjected to EMSA.

Cells are transfected with empty vector alone (NIH 3T3). or v-Src vector and treated with or

without PD98059 or SB202190 for 6 hours (lanes 2 to 5). Competitions of radiolabeled

M67SIE binding activity present in nuclear extracts ofNIH 3T3 cells transfected with v-Src

alone (lanes 6 and 7) are performed with a 100-fold molar excess of unlabeled M67SIE or the

unrelated c-fos intragenic regulatory element (FIRE) oligonucleotides. Supershifts (lanes 8

and 9) are performed with antibodies specifically recognizing either STATl or STAT3.

Asterisk indicates positions of supershifted complexes.

FIGURE 13. p38 and JNK are constitutively-induced in Src-transformed cells and

phosphorylate STAT3 in vitro. (A) Western blot analysis of whole-cell lysates prepared from

normal (lane 2) NIH 3T3 fibroblasts or Src-transformed counterparts treated with or without

PD98059 or SB202190 (lanes 3 to 5). Samples are probed with antibody specific to phospho-

p38 (upper panel) or total p38 (lower panel). (B) Whole cell extracts described in (A) are

analyzed by Western blotting. Samples are probed with antibody specific to phospho-JNKl/2

(upper panel) or total JNKl/2 (lower panel). (C) Whole-cell extracts described in (A) are

analyzed by Western blotting. Samples are probed with antibody specific to phospho-

ERKl/2 (upper panel) or total ERKl/2 (lower panel). (D) In vitro serine phosphorylation of

STAT3 by JNK, p38 and ERKs. Purified baculovirus-expressed STAT3 (lanes 1 to 4) and
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STAT3b (lanes 5 to 8) are incubated with [g-"P]ATP together with or without purified JNK,

p38 or ERKs for 30 min, and subjected to SDS-PAGE and autoradiography. For positive

identification, cell lysates from anisomycin-treated C6 glionia cells with highly induced

ERKs, p38 and JNK, serve as standards (lane 1).

FIGURE 14. Inhibition of p38 activity blocks cell transformation by v-Src and not by v-Ras.

(A) NIH 3T3/v-Src/TKS3 cells stably transfected with the STAT3-dependent luciferase

reporter, pLucTKS3, are treated with the indicated inhibitors for 6 hours prior to cytosolic

extract preparation and luciferase assays. Values are the means plus standard deviations of 6

independent assays. (B) NIH 3T3/v-Src fibroblasts seeded in soft-agar suspension are treated

once weekly with the indicated inhibitors until large colony formation is evident. Values are

the means plus standard deviations of 12 independent assays. (C) NIH 3T3/v-Ras fibroblasts

seeded in soft-agar suspension are treated once weekly with the indicated inhibitors and

colonies counted as in (B) above. Values are the means plus standard deviations of 9

independent assays.

FIGURE 15. Model of STAT3 phosphorylation by tyrosine and serine/threonine kinase

signaling pathways in Src oncogenesis.

FIGURE 1 6. Activation of STAT proteins in bone marrow cells ofpatients with multiple

myeloma, (a) Nuclear extracts prepared from bone marrow cells are incubated with the ^^P-

labeled SIE oligonucleotide probe and analyzed by EMSA. The mononuclear fraction is

isolated from bone marrow aspirates from normal marrow donors (N), patients with no

evidence of bone metastases (Non-Hodgkin's lymphoma, NHL, or breast cancer, BrCa), and

patients with multiple myeloma, (b) Identification of specific STAT proteins activated in

multiple myeloma specimens. Untreated control extracts (lanes 1,4,7,10,13,16,19), extracts

pre-incubated with anti-Statl (lanes 2,5,8,1 1,14,17,20), or anti-Stat3 (lanes 3,6,9,12,15,18,21)

antibodies. Positions ofSTAT3 homodimers (ST3/3), STATl:Stat3 heterodimers (STl/3),

and STATl homoduners (ST 1/1) are indicated.

FIGURE 17. Elevated STAT DNA-binding activity in human myeloma cells depends on

signaling by IL-6 receptor and JAK family kinases, (a) Nuclear extracts prepared from U266

or RPMI 8226 cells are incubated with the "P-labeled SIE oligonucleotide probe and

analyzed by EMSA. NIH 3T3 cells are stimulated with EGF as a reference for the

identification ofSTAT proteins. Untreated extracts (lanes 1.2,3,7,10); extracts pre-incubated

with anti-Statl (lanes 4,1 1), anti-Stat3 (lane 5,12), or anti-StatS (lane 6,13) antibodies to

identify activated STATs; extracts pre-incubated with excess unlabeled FIRE as an irrelevant
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oligonucleotide (lane. 8) or unlabeled SIE oligonucleotide (lane 9) as specific competitor, (b)

U266 cells are either untreated (lanes 1-3) or treated with 1 mg/ml Sant7 (lanes 4-6) and

nuclear extracts are prepared at the times indicated, (c) Cells are treated with 50mM AG490

for the times indicated prior to preparation of nuclear octracts.

FIGURE 1 8. U266 myeloma tumor cells express Fas receptors but are resistant to Fas-

mediated apoptosis. (a) Siirface expression of Fas (CD95) is measured by staining with the

non-apoptosis inducing antibody UB2 (solid line) or IgG, isotype control (dotted line) and

FITC-conjugated secondary mAb. (b) Fas-mediated apoptosis is measured by incubation of

the cells with IgM control serum (upper panels) or 500 hg/ml of the Fas agonist antibody CH-

1 1 (lower panels) for 18 hours prior to staining with Annexin V-FITC and analysis by flow

cytometry. Treatment with 100 ng/ml Fas ligand gives identical results. Histograms shown

are representative of 5 independent experiments, (c) Constitutive expression of Bcl-2 and

Bc1-Xl in 8226 and U266 human myeloma cells. Total RNA is extracted and analyzed by RT-

PCR. Histone 3.3 serves as a control for quantification and RNA integrity. Radiolabelled

products are separated on a 3% acrylamide gel and visualized by phosphorimager. Bc1-Xl

(left colxmm) and Bcl-2 (right column) protein expression is examined by Western blot

analysis with ECL detection.

FIGURE 19. AG490 inhibits Bc1-Xl expression and sensitizes U266 cells to Fas-mediated

apoptosis. (a) U266 cells are treated with 50 mM AG490 for the indicated time and analyzed

for expression of Bcl-x^ (left column) and Bcl-2 (right column) mRNA and protein. To

control for potential variation related to time, untreated controls are collected at all tune

points, and identically analyzed. Data shown are representative of three independent

experiments, (b) Fas-mediated apoptosis in AG490 treated cells. U266 are treated vdth the

indicated concentration ofAG490 for 24 hours prior to the addition of the agonistic anti-Fas

antibody, CH-1 1 . Following an additional 12 hours of incubation, cells are stained with

Annexin V-FITC and analyzed for apoptosis by flow cytometry. Marker positionmg is based

on fluorescence of control treatments, and data shown are representative of 7 independent

experiments in which Fas-specific apoptosis ranged from 1 8-41%.

FIGURE 20. Dominant-negative STAT3b protein inhibits Bc1-Xl expression and enhances

programmed cell death, (a) U266 cells transfected with pIRES-Stat3b or pIRES-EGFP are

sorted on the basis ofEGFP expression, and then analyzed for bcl-x or bcl'2 mRNA and Bcl-

Xl or Bcl-2 protein expression, (b) U266 cells are transfected with pIRES-EGFP or pIRES-

Stat3b 48 hours prior to treatment with IgM control serum (upper panels) or 500 ng/ml CH-1

1
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antibody (lower panels). At 72 hours post-transfection, apoptotic cells are stained with

Annexin V-PE and analyzed by flow cytometry with live gating on EGFP-expressing cells.

Marker positioning is based on fluorescence of control treatments. Treatment with 100 ng/ml

Fas ligand gives identical results. The data shown are representative of 5 independent

experiments.

FIGURE 21. STAT3b-expressing myeloma cells exhibit characteristic apoptotic morphology.

U266 cells are transfected with (a) pIRES-Stat3b or (b) pIRES-EGFP and sorted by FACS on

the basis ofEGFP expression. After sorting, cells are recovered in complete media and

applied to slides by cytospin, followed by methanol fixation for 20 min at 4''C. Cells are

stained with DAPI and the slides examined by fluorescent microscopy.

FIGURE 22. STAT3-dependenttransactivationof tiieZ>c/-x gene promoter, (a) Structures

of bcl-x promoter constructs driving expression of the luciferase (Luc) reporter gene. The

pGL2-3.2-io constmct contains the bcl-x promoter sequences in the inverse orientation; the

pGL-mSTl construct contains the mutated STATl -binding site, (b) Reporter constructs are

co-transfected into NIH 3T3 fibroblasts together with expression vectors encoding v-Src or

STAT3b as indicated. The mean fold activation from three independent experiments, each

perfprrned in at least triplicates, is shown with standard error bars, (c) Reporter constructs

are co-transfected into U266 myeloma cells with the indicated expression vectors. The

pERES-EGFP constmct is the empty vector used to overexpress STAT3b, and rhIL-6 is

recombinant human IL-6. Results represent the means plus standard deviations from three

independent transfections, each performed in at least triplicate, (d) Model for IL-6 signaling

tiirough STAT3 to the bcl-x gene,

FIGURE 23 Enforced Overexpression ofBcl-x Confers Resistance to Chemotiierapy. Panel A:

U266 cells are transfected wdth aCMV expression vector encoding Bcl-x^tagged vdth theFLAG

epitope. Several stable, independent clones overexpressing Bc1-Xl, as well as empty vector

controls (Neo), are isolated and analyzed by Western blot with antibodies to Bcl-x^ or theFLAG

eptitope tag. B: The indicated cell lines are incubated with eitiier melphalan (LPAM) or

mitoxantrone for 24 h, and apoptosis is monitored by AnnexinV-FITC staining and flow

cytometry. Overexpression ofBc1-Xl protects the cells from chemotherapy-induced apoptosis.

FIGURE 24. STAT3 is activated in murine timior cell lines, (a) Nuclear extracts prepared

from the indicated mouse tumor cells and human U266 myeloma cells are incubated with the

^^P-labeled hSIE oligonucleotide probe and analysed by EMSA. (b) Nuclear extracts from

B16 cells are preincubated with excess unlabeled hSIE (lane 2) or FIRE (irrelevant
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oligonucleotide, lane 3) probes, and anti-Statl (lane 5) or anti-Stat3 (lane 6) antibodies to

confirm specific STAT3 activation. Human myeloma U266 cells are used here as a positive

control for STAT3 activation (17). ST3/3 indicates STAT3 homodimers.

FIGURE 25. Expression ofSTAT3b inhibits B16 tumor growth in vivo, (a) b-gal staining of

tumor cells electroinjected with the b-gal plasmid. Overall, 15% ofthe tumor ceUs are b-gal

positive. Little or no staining is observed in the negative control (pcDNA3 transfected tumor

section receiving the same staining), (b) Summary of several independent STAT3b gene

therapy experiments in vivo. Data shown represent average tumor volumes in 3 experiments

on tiie day when one or more animals in each experiment was sacrificed due to oversized or

0 ulcerated tiimors (on days 28, 20, 22, respectively). A total of 1 5 control animals are tireated

with empty vector (n), and 20 mice are treated with STAT3b (o). either pIRES-Stat3b or

pAdCMV-Stat3b (indicated by *). For one representative experiment, growtii kinetics ofB16

tumors treated witii eitiier pIRES-EGFP (c) or pIRES-Stat3b (d) are shown. The first gene

electroinjection is performed on day 8, when tumors reached an average diameter of 3-6

5 multiple myeloma. Tumor measurements and the gene tiierapies indicated above are

performed-every 3 to 4 days. Four out of five pIRES-Stat3b treated tumors regress.

FIGURE 26. Gene tiierapy with STAT3b induces apoptosis in Bl 6 tumors in vivo. H&E

staining ofB16 tumors treated witii either the empty vector (a) or tiie STAT3b vector (b).

Tunel assay of the B16 tiunors electroinjected with eitiier tiie empty vector (c) or the STAT3b

>0 vector (d).

FIGURE 27. Administration ofAG-490 induces transient regression ofMOPC myeloma tumors and

apoptosis ofMOPC cells in vivo. A. Results are expressed as the means of tumor volumes ± SD.

AG-490.treated mice, n=13; DMSO-treated mice, n=10. B. TUNEL assays of tissue sections

prepared from MOPC timiors after treatinent with eitiier DMSO vehicle (a) or AG-490 (b).

25 FIGURE 28. Recombinant IL-12 prolongs tiie AG-490-mediated antitumor effect. A. MPCl 1

tumor-bearing mice received eitiier PBS or rIL-12 (200 ng every second day). For each tireatinent,

n=5. B. MPCl 1 tumor-bearing mice are treated witii AG-490 or DMSO vehicle alone for five days.

On day 4, all of tiie ttimors in AG-490-treated mice regressed. On day 5. AG-490 tieated mice

received s.c. administration of eitiier rIL-12 (200 ng every second day) or PBS until day 15.

30 Secondary tumor growtii and metastasis (large lymph nodes or paralytic symptoms) are determined

by palpation and visual observation. Mice with either secondary tumor growtii or metastasis are

scored as mice witii tumor. AG-490 or DMSO alone, n=10; AG-490 plus IL-12, n=8. AG-490
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treatment followed by J 00 ng rIL-12 treatment every second day is also performed with siniilar

results.

FIGURE 29 Reporter Constructs for High Throughput Transcription Assays. The pLucTK

reporter is a negative control containing only the TK minimal promoter. pLucTKSS is a

STATS reporter containing 7 copies of a STATS -specific binding site (APRE) inserted

upstream of the TK promoter. pLucSRE contains the c-fos SRE that is activated by the Ras-

Rafpathway independently of STATs. Reporter activity is assayed as light emission using a

96-well plate luminometer.

FIGURE SO. High Throughput Assay for STATS DNA-binding Activity. The hSIE

oligonucleotide is biotinylated and immobilized to streptavidin-coated 96-well plates.

Activated STATS dimers produced by baculovirus-infected Sf9 cells are added together with

or without test compounds. STATS DNA-binding to the hSIE probe is detected by anti-

STATS antibodies coupled to a colorimetric detection system using an ELISA plate reader.

FIGURE 31. High Throughput Assay for STATS SH2-phosphotyrosine Interactions. The

biotinylated phosphopeptide containing the site of tyrosine phosphorylation in STATS is

immobilized on streptavidin-coated 96-well plates. Bacterially expressed GST fusion protein

containing the STATS SH2 domain that binds the phosphotyrosine is added together with or

without test compounds. SH2-phosphotyrosine interactions are detected by anti-GST antibodies

coupled to a colorimetric detection system using an ELISA plate reader.

5. Detailed Description

In accordance with the present invention, conventional molecular biology,

microbiology, and recombinant DNA techniques, well known to those of skill in the art to

which the present invention pertains, may be employed. Such techniques are fully explained

in the Uterature. See, e.g., Sambrook, Fritsch & Maniatis, "Molecular Cloning: A Laboratory

Manual," Second Edition (1989), Cold Spring Harbor Laboratory Press, Cold Spring Harbor,

N.Y; Perbal, "A Practical Guide to Molecular Cloning," (1984); F.M.Asubel, et al., eds.

"Current Protocols in Molecular Biology," John Wiley & Sons, Inc. (1994).

The following terms shall have the definitions set out below.

The term apoptosis is the cellular process, also known as programmed cell death, in

which the cell undergoes a series of molecular events leading to some or all of tiie following

morphological changes such as DNA firagmentation, chromatin condensation, nuclear

envelope breakdown, and cell shrinkage.
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The term Bcl-x^ represents a member of the BcI-2 (B-cell lymphoma) family of proteins

involved in regulating a cell's response to apoptosis; Bc1-Xl prevents programmed cell death.

The term DNA consensus sequence herein represents a specific nucleotide motiffoxmd in the

promoters of genes to which a transcription factor binds through interaction of the protein's DNA

binding domain with the nucleotide sequence.

The term dominant-negative protein broadly indicates a protein which has been genetically

altered so that when expressed in a cell it interferes with the function of the endogenous wild-type

protein.

The term interleukin 6 (IL-6) represents a cytokine involved in regulating growth, survival

and function of cells.

The term Janus kinase (JAK) represents a member of family of non-receptor tyrosine

kinases that transfers a phosphate moiety to tyrosine on recipient proteins.

The term phosphotyrosine represents a modification of the tyrosine amino acid residue

in which a phosphate group has been transferred to the hydroxyl group.

The term promoter represents a region of gene preceding the protein coding sequence

that contains nucleotide sequence elements to which transcription factors bind and regulate

gene expression.

The term protein tyrosine kinase (PTK) represents a signal transduction molecule that

possesses an enzymatic function which transfers phosphate moieties to tyrosine on recipient

proteins and thereby modulates the activity of the target protein.

The term signal transducer and activator oftranscription (STAT) represents a member

of a family of proteins, which when activated by protein tyrosine kinases in the cytoplasm,

migrate to the nucleus and activate gene transcription.

The temi signal transduction represents the biochemical process involving

transmission of extracellular stimuli, via cell surface receptors through a specific and

sequential series of molecules, to genes in the nucleus resulting in specific cellular responses

to the stimuli.

The term Src-homology 2 domain (SH2) represents a specific protein structural motif

among signaling molecules that recognizes and binds to phosphotyrosine moieties, creating

sites of protein-protein interaction.

The term Src tyrosine kinase (Src) represents a member of a closely related family of

non-receptor tyrosine kinases that participate in signal transduction by phosphorylating
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downstream effectors; the src gene is the first viral oncogene and was identified in Rous

sarcoma virus.

The term syngeneic mice represents mice derived firom a genetically identical

background.

The term transcriptional activation represents the induction of gene expression via the

interaction ofregulatory proteins with the promoter elements of target genes.

The present invention may be understood by reference to the following Examples,

which are provided by way of exemplification and are not to be read as limiting.

EXAMPLE 1

Constitutive Activation ofSTAT3 in Breast Carcinoma Cell Lines.

In this first example, we show that STAT3 is selectively and constitutively activated

in many breast carcinoma cell lines, but not three cell lines derived from normal breast tissue.

This example shows that disruption of STAT3 signaling is a desirable aspect of the present

invention in the prevention ofthe growth of cancer cells. STAT DNA-binding activity in

human breast cancer cell lines is examined by electrophoretic mobiUty shift assays (BMSA)

(Gareia et al,, .1997. Cell Growth Diff. 8:1267-1276). In these experiments, EMSAs are

performed using the "P-labeled 5/>inducible element (SIE) as a probe to detect STAT DNA-

bindmg activity in nuclear extracts of cells. This synthetic DNA oligonucleotide probe is a

high-affinity mutant of the c-fos SIE, called hSIE, that binds both STATl and STAT3 (Yu, et

al.. 1995, Science 269:81-83). Our analysis reveals that STAT3, but not STATI, is strikingly

activated in five of nine breast tumor cell lines examined. This activation is constitutive and

occurs in the absence of exogenous EGF stimulation. By contrast, STAT3 activation is not

detected in any of the three cell lines derived from normal breast tissue.

EXAMPLE 2

STAT Activation in Primary Breast Tumor Specimens.

The second example demonstrates that constitutive activation ofSTAT3 is fiorther

present in primary breast tumor specimens, and is not limited to cells grown in suspension.

In the present invention, this example provides ftirther evidence ofthe desirability of

inhibiting STAT3 signaling to inhibit cancer cell growth. As shown, tumor specimens snap

frozen within 15 minutes of surgical excision retain the original STAT activation profile

present at tiie time of excision (Figure 1 A). Using tins procedure, increased STAT3 DNA-
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binding activity is detected in 5 out of 6 primaiy (stage III) breast tumors examined compared

to adjacent non-tumor tissue (Figure 1A and B). An immunohistochemical assay for STAT3

activation based on the use of antibodies to activated, tyrosine phosphorylated STAT3 (pY-

StatS) is developed. With this assay, high levels of activated, nuclear pY-Stat3 are detected

in the tumor cells, but not in the surrounding non-tumor cells, in sections through stage HI

breast cancer specimens (Figure 2B). Binding of the antibodies to pY-Stat3 is competed by

the corresponding STAT3 phosphopeptide antigen, demonstrating the specificity of this assay

(Figure 2C). In normal ductal epithelium, STATS activation is restricted to the proliferative

basal layer (Figure 2A). These findings show that constitutive activation of STAT3 occurs

frequently in human breast carcinoma.

EXAMPLE 3

Constitutive Activation ofSTAT3 in Ovarian Cancer CeU Lines and Tumors.

The third example further demonstrates that constitutive activation of STAT3 is

present in ovarian cancer cells. In the present invention, this example provides additional

evidence ofthe desirability of inhibiting STAT3 signaling to inhibit cancer cell growth.

EMSA analyses of ovarian tumor specimens from.p_atients are performed. As shown in

Figure 3B, primary ovarian tumors have constitutively-elevated STAT3 DNA binding

activity. Moreover, the model human ovarian cancer cell line, SKOV3, but not OVIO, also

exhibits constitutively elevated STAT3 activation (Figure 3A). These findings indicate that

constitutive STAT3 activation is not limited to breast carcinoma but, rather, is a feature in

common with other solid tumors.

EXAMPLE 4

Stat3 Is Constitutively Activated in Multiple Myeloma Tumor Specimens.

In still a fourth example of constitutive STAT3 activation in human cancerous cells,

STAT3 is shown to be activated in 22/22 multiple myeloma tumor specimens, compared to 6

control specimens. Our results show that all 22 patients examined with myeloma tumors in

bone marrow have constitutive activation of STATs, as measured by EMSA, while none of

the six control bone marrows has detectable STAT DNA-binding activity (Catlett-Falcone, et

al., 1999, Immunity 10:105-1 15). Furthermore, this EMSA for STAT3 DNA-binding

activity is highly quantitative and reproducible in three independent assays for the same set of

patient specimens (Figure 4).
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EXAMPLES

Constitutive Activation of STATs in Acute Myelogenous Leukemia.

In a fifth example, activation of STAT3 is further shown to occur in blood

malignancies. STAT activation in bone marrow tumor specimens from patients with acute

myelogenous leukemia (AML) is investigated. Resxilts demonstrate a high frequency of

STAT activation in these specimens (Figure 5). These findings show that AML is yet another

human tumor in which aberrant STAT activation may contribute to malignant progression and

resistance to chemotherapy. In the present invention, this example provides additional

evidence ofthe desirability of inhibiting STAT3 signaling in the treatment ofblood

malignancies.

EXAMPLE 6

Tyrosine Kinases Involved in STATS Activation in Breast Carcinoma Cells.

The sixth example shows that inhibition of specific tyrosine kinases that activate

STATS both inhibit constitutive STATS activation in breast carcinoma cells, and inhibit

growth of the cells. In relation to the present invention, this example further demonstrates

the desirability of targeting STATS signaling in the treatment ofhuman cancer. The

involvement of these, and other, tyrosine kinases in STATS activation is tested using specific

inhibitors ofJAK family kinases, and the EGF receptor and Src family kinases. Results show

that in the model human breast cancer cell line, MDA-MB-468, a specific inhibitor ofEGF

receptor kinase (PD 158780) does not block the constitutive STATS activation in these cells

(Figure 6B). In contrast, the constitutive activation of STATS is effectively blocked by the

Src (PD180970) and JAK (AG490) specific inhibitors in a dose-dependent manner, shoving

that these kinases are involved in the ligand-independent activation of STATS. Moreover,

this inhibition of STATS signaling is accompanied by inhibition of cell grov^h by the Src and

JAK inhibitors, but not by the EGF receptor inhibitor (Figure 6A). These results show a role

for Src- and JAK, mediated via the STATS signaling pathway, in growth regulation of breast

carcinoma cells.

EXAMPLE 7

Inhibition of STATS signaling reduces tumorigenicity:

AG490 Inhibits Growth ofHuman Breast Carcinoma Cells in Nude Mice.
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Because AG490 is a potent inhibitor ofSTATS signaling in MDA-MB-468 cells,

whether this JAK inhibitor inhibits tumorigenicity in a nude mouse xenograft model is

examined. AG490 is administered by continuous infusion using subcutaneous mini-pumps

supplemented with intraperitoneal injections. This administration inhibits the growth of these

human breast carcinoma cells (Figure 7). Significantly, inhibition ofSTAT signaling to an

extent that will block tumor growth is not detectably toxic in animals. Combined with the

antitumor efficacy and induction of apoptosis in tumor cells, and the lack of toxicity of

dominant-negative STAT3B overexpression in normal cells as described herein below, these

findings show that tumor cells harboring constitutively-activated STAT3 have become more

dependent on the STATS pathway than normal cells. Thus, this nude mouse model fiirther

demonstrates that, in the present invention, the enhanced dependence oftumor cells upon

constitutive STAT3 expression renders such cells amenable to growth inhibition by inhibition

of the STAT3 pathway without significant toxic effects upon normal cells.

EXAMPLES

Oncogenic signaling pathways converge on STAT3:

Requirement of Ras/Racl-medJated p38 and JNK Signaling for STAT3

Transcriptional Activity Induced by the Src Oncoprotein

Abnormal activation ofSTAT3 is associated with oncogenesis. In an embodiment of

the present invention, it is shown that inhibition of STAT3 signaling inhibits oncogenesis

because two important oncogenic signaling pathways converge at the point of STAT3

activation. In fibroblasts expressing the Src oncoprotein, activation of STAT3 induces

specific gene expression and is required for cell transformation. Although the Src tyrosine

kinase induces constimtive STAT3 phosphorylation on tyrosine, activation of STAT3-

mediated gene regulation requires both tyrosine and serine phosphorylation ofSTAT3. Here

we delineate the signaling pathways underlymg constitutive STAT3 activation in Src

oncogenesis. We demonstrate that expression of Ras or Racl dominant-negative protein

blocks STAT3-mediated gene regulation induced by Src in a manner consistent with

dependence on p38 and c-Jun N-terminal kinase (JNK). Both of these serine/threonine

kinases and STAT3 serine phosphorylation are constitutively induced in Src-transformed

fibroblasts. Furthermore, inhibition of p38 and JNK activities suppresses constitutive STAT3

serine phosphorylation and STAT3-mediated gene regulation. In vitro kinase assays using

purified fiill-length STAT3 as substrate show that both JNK and p38 can phosphorylate
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STAT3 on serine. Moreover, inhibition ofp38 activity and thus STAT3 serine

phosphorylation results in suppression of transformation by v-Src but not v-Ras, consistent

with a requirement for STAT3 serine phosphorylation in Src transformation. This example

demonstrates that Ras and Rao 1 -mediated p3 8 and JNK signals are required for STAT3

transcriptional activity induced by the Src oncoprotein. These fmdings delineate a network of

tyrosine and serine/threonine kinase signaling pathways that converge on STAT3. Thus

STAT3 is, in the present invention, a novel and appropriate therapeutic target in the

prevention of oncogenesis and neoplastic transformation.

MATERIALS AND METHODS

Plasmids. The STAT3 reporter, pLucTKS3, myc-p38'"'"'\ myc-p46"»*, dominant-

negative DLK (Kl 85A), dominant-negative MKK4 (dnMKK4), N17-Ras, and NT-Rafhave

all been previously described (Fan, et al., 1996, J. Biol. Chem. 271:24788-24793, Pumiglia,

era/., 1995 Mol. Cell. Biol. 15:398-406, Turkson, e/c/., 1998, Mol. Cell. Biol. 18:2545-

2552). The pLucTKS3 reporter harbors seven copies of a sequence corresponding to the

STAT3-specific binding site in the C-reactive protein gene's promoter (Turkson, et al., 1998,

Mql. Cell. Biol. 18:2545-2552). The v-Src expression vector, pMvSrc, has been described

(Johnson, etal., 1985, Mol. Cell. Biol. 5:1073-1083). Dominant-negative forms ofERK2,

and MKKl are as previously described (Her, et al., 1993, Biochem. J. 296:25-31, Whalen, et

al., 1997, Mol. Cell. Biol. 17:1947-1958). The Racl-1115 (activated) and Racl-17N

(dominant negative) vectors are generated by inserting Racl cDNA fragments from pZipNeo

(Khosravi-Far, et al., 1995, Mol. Cell. Biol. 15:6443-6453) into pcDNA3 (Invitrogen) at a

Bam HI site.

Cell Culture and Transfections. NIH 3T3, NIH 3T3/v-Src and NIH 3T3/v-Ras

fibroblasts are grown in Dulbecco's modified Eagle's medium (DMEM) containing 5% iron-

supplemented bovine calf serum (BCS). Transient transfections are carried out by the

standard calcium phosphate method as previously described (Turkson, et al., 1998, Mol. Cell.

Biol. 18:2545-2552). NIH 3T3 fibroblasts are seeded at 5 x 10* cells/1 00-mm plate in

DMEM plus 5% BCS at 18 to 24 hours prior to transfection. Total DNA for transfections is

typically 20 ng per plate, including 4 ^g of luciferase reporter construct (pLucTKS3), 0.2 \xg

offi-galactosidase (C-Gal) internal control vector, and the amounts of expression vector

indicated in figure legends. Transfection is terminated 15 hours later by aspirating the

medium, washing the cells with phosphate-buffered saline (PBS), and adding fresh DMEM.
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For generation ofNIH 3T3/v-Src/TKS3 cell lines stably expressing the STATS reporter, NIH

3T3/v-Src cells are transfected using Fugene 6 (Boehringer Mannheim) according to the

supplier's protocol. The transfection mixture contains 5.5 |ig total DNA per 10 cm plate,

including 5 ^ig of the STAT3 reporter, pLucTKS3, and 0.5 \ig ofpcDNA3 that carries the

neomycin resistance gene. Individual G418-resistant clones are picked and characterized with

regard to STAT3-dependent luciferase activities.

Preparation of Cytosolic and Nuclear Extracts. In the case of stable NIH 3T3/v-

Src/TKS3 clones, cells are treated with inhibitors or DMSO for 6 hours prior to preparing

cytosolic extracts. For transient expression assays, cytosolic extracts are prepared from cells

at 48 hours posttransfection as previously described (Turkson, et al., 1998, Mol. Cell. Biol.

18:2545-2552). Briefly, after two washes with PBS and equilibration for 5 mm with 0.5 ml

of PBS-0.5 mM EDTA, cells are scraped off the dishes and the cell pellet is obtained by

centrifugation (4,500 x g, 2 min, 4° C). Cells are resuspended in 0.4 ml of low-salt HEPES

buffer (10 mM HEPES [pH 7.8], 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM

phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol) for 15 min, lysed by the addition of

20 \xl of 10% Nonidet P-40 (NP-40), and centrifiiged (10,000 x g, 30 s, 4° C) to obtain the

cytosolic supematant, which is used for luciferase assays (Promega) measured with a

luminometer and for B-Gal activity detection by colorimetric assay at A570. As an internal

control for transient transfection efficiency, resuhs are normalized to B-Gal activity. For

EMSA, nuclear extracts are prepared from transiently-transfected NIH 3T3 cells and volxmies

containing equal amoxmts of total protein are incubated with ^^P-labeled M67SIE

oligonucleotide probe, as previously reported (Garcia, et al., 1997, Cell Growth Differ.

8:1267-1276, Yu, et al., 1995, Science 269:81-83). Supershift assays are performed using

rabbit polyclonal antibodies specific for C-terminal amino acid residues of STAT3 (750 to

769) or STATl (688 to 710) proteins (Santa Cruz Biotechnology).

Soft-Agar Colony Formation Assay. Colony formation assays are carried out in 6-

well dishes. Each well contains 1.5 ml of 1% agarose inDMEM as the bottom layer. The top

layer in each well consists of 1.5 ml of 0.5% agarose in DMEM containing 4,000 or 6,000 of

NIH 3T3/v-Src or NIH 3T3/v-Ras fibroblasts, respectively. Treatment with inhibitors is

initiated one day after seeding cells by adding 75-100 \il of medium with or without inhibitors

and repeated once a week until formation of large colonies is evident. For quantitation,

colonies are stained by adding 20 ^1 of 1 mg/ml iodonitrotetrazolium violet to each well and

incubating at 37°C overnight. Stained colonies are counted the next day.
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"Western Blot Analysis. Whole-cell lysates are prepared in boiling sodivim dodecyl

sulfate (SDS) sample-loading buffer in order to extract total proteins from the cytoplasm and

nucleus as well as preserve the in vivo phosphorylation STATes. Equivalent amounts of total

cellular protein are electrophoresed on an SDS-10% polyacrylamide gel and transferred to

nitrocellulose membranes. Probing of nitrocellulose membranes with primary antibodies and

detection of horseradish peroxidase-conjugated secondary antibodies by enhanced

chemiluminescence (Amersham) are performed as previously described (Garcia, et al., 1997,

Cell Growth Differ. 8:1267-1276, Turkson, et al., 1998, Mol. Cell. Biol. 18:2545-2552,

Yu, et al., 1995, Science 269:81-83). Probes used are rabbit polyclonal antibodies against N-

terminal amino acid residues (626-640) of STAT3 (Santa Cruz Biotechnology),

phosphoserine-727 ofSTATS (25), active (phospho-) JNK, p38""''''^ or ERKs (New England

Biolabs), or total JNK, pSS'"*"'' or ERKs (Santa Cruz Biotechnology).

Purification and Phosphorylation of STATS and Recombinant STATS Proteins.

STATS and STAT3B are purified from baculovirus-infected Sf-9 insect cells with biotinylated

M67SIE oligonucleotides. Briefly, Sf-9 cells are infected with baculoviruses encoding

STAT3 or STAT3fi. 48 hours postinfection, cells are lyscd with NP-40 lysis buffer (50 mM
HEPES, pH 7.9, .1 50 rnM NaCl, 1% NP-40, 20 mM NaF, 1 mM Na3V04, 1 mM Na4P204,

1

mM DTT, 0.5 mM PMSF, 2 mM EDTA, 0.1 |iM aprotinin, 1 ^M leupeptin, and 1 nM

antipain), and centrifiiged (13,000 x g, 15 s, 4°C). The supemate cell lysates are

supplemented with glycerol (to 10%) and 10 jxg ofpoly(dI-dC):poly(dI-dC) in a final volume

of 1 ml, and incubated at 4°C for 30 min. Two micrograms of 5 '-biotinylated DNA fragment,

containing two copies of the M67SIE sequence (5'-AGCTTCATTTCCCGTAAATCCCTA)

(Wagner, et al., 1990, EMBO J. 9:4477-4484), are then added and ftuther incubated at 4° C

for 2 hours with slow rotation. Subsequently, 100 ^il of avidin-agarose beads (50% slurry) is

added to the mix and incubated for SO min. The beads are then collected by centrifugation,

washed 4X with NP-40 lysis buffer, and 3X with kinase buffer (25 mM HEPES; pH 7.5, 10

mM magnesium acetate). After final centrifiigation (3,000 rpm, 2 min), the pellets of STATS

and STATSB-bound Sepharose beads are incubated in 35 |il kinase buffer contaming

approximately similar activities of purified p38 (AG Scientific), JNK (BIOMOL) or ERKs

(BIOMOL) protein kinases for 5 min at room temperature. Subsequently, 5 \i\ [g-'^P]ATP

solution (50 |iM ATP, 0.5 ^Ci/nl) is added and the mixture fiirther incubated at 30° C. After

SO min, SDS-PAGE loading buffer was added, the samples are then electrophoresed on an

SDS-8% polyacrylamide gel and exposed for autoradiography.
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RESXJLTS

Ras-mediated SignaUng Is Required for STATS Transcriptional Activity.

Stat3 is constitutively activated in NIH 3T3 fibroblasts stably transformed by v-Src.

In this example, we delineate the signaling pathways leading to the induction ofSTAT3

transcriptional activity using a STAT3-specific luciferase reporter (pLucTKS3) harboring the

STAT3-binding site from the C-reactive protein gene's promoter (Turkson, et al., 1998, Mol.

Cell. Biol. 18:2545-2552). The induction by v-Src of STAT3-specific luciferase reporter is

completely abrogated by co-expression of the dominant-negative Ras mutant (N17-Ras) or an

N-terminal fragment of Raf-1 (NT-Raf) designed to sequester Ras (Ceresa, et al., 1997,

Endocrinol. 138:4131-4137, Pumiglia, et al., 1995, Mol. Cell. Biol. 15:398-406) (Figure

8A). These findings show an obligatory requirement ofRas-mediated signaling for STAT3

transcriptional activity in NIH 3T3 fibroblasts expressing v-Src.

Which parts of the MKK-ERK pathway downstream from Ras are associated with

induction of STAT3 transcriptional activity by Src are also shown. Results of luciferase

reporter assays with the pharmacologic MKKl/2-selective inhibitor, PD98059 (Dudley, et al.,

1995, Proc. Natl. Acad. Sci. USA 92:7686-7689), or dominant-negative MKKl (dnMKKl)

show that iiAibition of.MKKl/2 activity significantly suppresses transcriptional regulation by

STAT3 (Figure 8B and C). However, expression of a dominant-negative form ofERK2,

TAYF, has no inhibitory effect on STAT3 transcriptional activity (Figure 8C), showing that

ERK2 activity is not required for STAT3-mediated gene regulation induced by v-Src. We

confirm the ERK2 dominant-negative activity ofTAYF by inhibition of another luciferase

reporter, pLucSRE, which is not dependent on STAT3 but rather on the activation of the c-fos

serum response element, SRE, by ERKs. Because both dnMKKl and PD98059 block MKK

signaling directly, these findings demonstrate a role for MKK-mediated signaling in STAT3

transcriptional activity. Together, out results show that a Ras-MKK-mediated signaling

pathway uiteracts with STAT3 signaling.

STATS Transcriptional Activity Depends on Racl-mediated Signaling.

The Racl subfamily of small G proteins has a key role in signaling downstream firom

Ras, thus the contribution ofRacl -induced signals to STAT3 transcriptional activity is

demonstrated. In luciferase reporter assays, the co-expression of dominant-negative Racl

(N17 Racl) or activated Racl Gl 15 Racl) mutants significantly inhibits or enhances STAT3

transcriptional activity, respectively (Figure 9A), showing Racl lies in the pathway leading

from v-Src to STAT3 activation. To fiirther show the contribution of Racl-mediated signals
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to STATS signaling, the role ofDLK, a member ofthe MLK family that participates in

activation of the stress pathway by v-Src is demonstrated. Dominant-negative DLK (Kl 85A)

significantly inhibits the induction of STAT3-specific luciferase reporter activity (Figure 9B).

DLK interacts with complexes containing other MLK members (Whitmarsh, et al., 1998,

Science 281 : 1671-1674), and dominant-negative DLK appears to interfere with the function

of other members of the MLK family. Therefore, these findings implicate the entire MLK

family but do not defme which member is required in STAT3 signalmg induced by v-Src.

The co-expression ofJNKl (myc-p46'^'0 or p38 (myc-p38'™''"0 proteins reverses this

inhibitory effect in a concentration-dependent manner (Figure 9B and C). Therefore, the

kinase activities of the overexpressed JNKl or p38 proteins can sustain a level of serine

phosphorylation sufficient for maximal STAT3 transcriptional activity even at marginal MLK

activity. Together, these fmdings show that Racl-mediated p38 and JNK activities contribute

to STAT3 signaling induced by v-Src.

That p38 is central to STAT3 signaling is further corroborated by studies showing

significant inhibition of STAT3-specific luciferase reporter induction in cells transiently

expressing the STAT3-specific reporter and treated with SB202190, a pharmacologic

inhibitor selective for p38 (Figure 9D). Results show no inhibition of STAT3-specific

luciferase reporter induction in fibroblasts transiently expressing v-Src and treated with this

inhibitor (Figure 9D), thus excludmg a role for PI 3-kinase in transcriptional regulation by

STAT3. Instead, induction of STAT3 transcriptional activity by v-Src requires Racl-

mediated p38 and JNK signals.

Evidence of Distinct JNK and p38 Pathways Involved in STATS Transcriptional

Activity. Reports in the literature delineate two distinct pathways leading to the

activation ofJNK and p38 (see Fanger, et al., Curr. Opin. Genet. Dev. 7:67-74, for a

review). While both pathways utilize a common signal from Racl, they emerge as separate

signals at the level ofMKKs. For example, MKK4 and MKK7 largely activate JNK, while

MKK3 and MKK6 preferentially activate p38. To show how this divergence in signaling is

relevant to STAT3 function, we first show the effect of dominant-negative MKK4 (dnMKK4)

on transcriptional activation by STAT3. Expression ofdnMKK4 significantiy blocks

STAT3 -specific luciferase reporter induction (Figure lOA), showing a requirement forMKK4

in the signaling leading to STAT3 transcriptional activity. The divergence in JNK and p38

signals is evident when only the co-expression ofJNKl (myc-p46"*'0, but not p38 (myc-

p3gmapk)^ abrogates the inhibitory effect ofdnMKK4 and restores STAT3 transcriptional
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activity (Figure lOA and B). These results establish that transcriptional activation by STAT3

utilizes the MKK4-JNK pathway, and confirm that distinct MKKs mediate the pathways

leading to p38 and JNK activation. These results further demonstrate that STATS-mediated

gene regulation induced by v-Src requires Ras-Racl -mediated activation of the stress pathway

in a manner analogous to normal extracellvdar stimulus-induced activation of this pathway.

JNK and p38 Kinases Mediate the Key Role ofRas ui STATS Transcriptional Activity.

Inhibition ofRas function (Figure 8A) should block the activities ofdownstream

MAPKs. Thus, the abrogation of STATS transcriptional activity following dominant-

negative inhibition of Ras is due to lack of sufficient functional MAPKs. Overexpression of

the MAPKs restores kinase activities and hence STATS function. Thus, co-expression of all

three MAPK family pr9teins brings about recovery of STATS ti-anscriptional activity that

would otherwise have been blocked by dominant-negative inhibition of Ras (Figure 11). As

compelling evidence tiiat pS8, and to a lesser extent JNK, mediate the role of Ras in STATS

transcriptional activity, co-expression of either oftiiese MAPKs causes a complete or partial

rescue ofSTATS function from inhibition by dominant-negative Ras (Figure 1 1). The extent

of this restoration is concentiration-dependent on the level ofpS8 or JNK expression. The

overexpressed pS8 or JNK proteins compensate for the loss of kinase activities. Together,

our findings demonstrate cooperation of Ras-mediated p38 and JNK pathways with v-Src for

the induction ofSTATS transcriptional activity.

Serine Phosphorylation and DNA-Binding Activity of STATS in Fibroblasts expressing

v-Src. In the context of transformation by v-Src, our results show a cross-

communication of signals involving the pS8 and JNK serine/threomne kmases and STATS.

In addition to tyrosine phosphorylation, STATS undergoes constitutive serine

phosphorylation in Src-ti^sformed cells for induction of tiranscriptionally functional STATS.

To demonsfate this, we first assay for STATS serine phosphorylation levels by Western blot

analysis using phosphoserine 727-specific anti-StatS antibodies (Frank, et al., 1997, J. Clin.

Invest. 100:3140-3148, Gollob,etal., 1999, J. Immunol. 162:4472-4481). Our results show

stirikingly that STATS is constitutively phosphorylated on serine 727 in Src-transformed

fibroblasts compared to tiieir normal counterparts (Figure 12A, lanes 1 and 2). To show tiiat

MAPK members are required for tiiis event, Src-tiransformed fibroblasts are treated with

PD98059 or SB202190 and prepared cell lysates are prepared for phosphoserme-StatS

Western blot analysis. Treatment with either PD98059 or SB202190 blocks serine

phosphorylation of STATS (Figure 12A, lanes 2, 3 and 4). These results estabUsh that
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STAT3 serine phosphorylation is constitutive in NIH 3T3 fibroblasts stably transformed by

Src, and provide evidence that MAPK family members are major mediators of this effect.

To show that PD98059 and SB202190 have an influence on the STAT3 DNA-binding

activity induced by v-Src, nuclear extracts are prepared firom fibroblasts expressing v-Src that

have been treated with or without inhibitors. STAT DNA-binding activities in extracts

containing equal amoimts oftotal proteins are analyzed by electrophoretic mobility shift

assays (EMSA) using an oligonucleotide probe corresponding to the M67 variant of the c-fos

gene's sis-inducible element (SIE), which binds both activated STATl and STAT3 (Wagner,

et al., 1990, EMBO J. 9:4477-4484). Expression of v-Src induces STAT3 tyrosine

phosphorylation and DNA-binding activity (Figure 12B, lanes 1 and 2). Moreover, treatment

of v-Src-expressing cells with PD98059 or SB202190 has no effect on STAT3 DNA-binding

activity induced by v-Src (Figure 12B, lanes 2, 3 and 4). For controls, the binding ofSTAT3

to M67SIE is competitively inhibited by a molar excess of cold, unlabelled M67SIE but not

by the unrelated c-fos intragenic regulatory element (FIRE) oligonucleotide, showing the

specificity ofDNA binding. Furthermore, STAT3 binding is blocked and supershifted by

anti-Stat3 antibodies, but not by anti-Statl antibodies, demonstrating that the DNA-binding

complex in this case contains STAT3. These results show that inhibition of STAT3 serine

phosphorylation has no effect on the constitutive STAT3 DNA-binding activity in cells

expressing v-Src. Taken together, our findings demonstrate that constitutive STAT3 serine

phosphorylation in Src-transformed cells is dependent on signaling through MAPK family

members.

p38 and JNK Are Activated in Src-transformed Fibroblasts.

The results presented above show that p38 and JNK are key components of the

signaling leading to STAT3 transcriptional activity induced by v-Src. Next, is shown that

these kmases are constitutively activated in cell lines stably transformed by Src. The activity

levels ofp38, JNK and ERKs are assayed by Western blot analysis using antibodies specific

to the phosphorylated, activated forms. Significantly, it is observed that both p38 and JNKl/2

are highly activated in v-Src-transformed compared to normal NIH 3T3 fibroblasts (Figure

13A and B, lanes 2 and 3). In contrast, no substantial induction ofERKl/2 is observed in

Src-transformed over normal NIH 3T3 cells (Figure 1 3C, lanes 2 and 3).

Next is shown die effects of PD98059 and SB202190 on tiie activation of these

MAPKs. As expected, treatinent of Src-transformed fibroblasts witii PD98059 causes a

complete block of basal ERKs activity (Figure 1 3C, lanes 3 and 4). Combined witii tiie
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results set forth in Figure 8B, these findings indicate that the suppression ofSTAT3

transcriptional activity by PD98059 is the sum of the effects of this inhibitor on MKKl/2,

JNK and p38 activities. Because SB202190 directly blocks p38 kinase activity, treatment of

Src-transformed cells with this inhibitor does not significantly alter the phosphorylation of

MAPK members, including p38 (Figure 13A, B and C, lanes 3 and 5). The apparent high

induction ofp38 phosphorylation when SB202190 is present may be due to a positive

feedback response by MKK3 or MKK6 to the diminished p38 kinase activity. This is the first

evidence of constitutive activation of both endogenous p38 and JNK in stable Src-

transformed fibroblasts, and shows that the activated stress pathway cooperates with STAT3

signaling induced by Src. Altogether„these fmdings demonstrate crosstalk between Ras-

Racl -mediated activities ofp38/JNK and STAT3 signaling in Src-transformed cells.

Because these examples demonstrate p38, and to a lesser extent JNKl/2, are the key

serine/threonine kmases involved in STAT3 signahng in Src-transformed cells, it is shown

that STAT3 can be a du-ect substrate for these MAPKs in vitro. Results in Figure 13D show

that p38 and JNK can effectively phosphorylate STAT3 in vitro. STAT3 phosphorylation by

ERK, however, is minimal compared to levels achieved for JNK and p38. A splice variant of

full-length STAT3 vnih a C-termirial deletion, STAT3b, which lacks the serine 727 and

therefore cannot transactivate in many cell types is used as a control (Caldenhoven, et al.,

1996, J. Biol. Chem. 271:13221-13227, Turkson, etal., 1998, Mol. Cell. Biol. 18:2545-

2552). The STAT3 and STAT3b proteins used as subshrates m this assay maintain correct

protein folding as they are purified by virtue of their DNA-binding activity to a STAT3-

specific site. Results show that STAT3b does not undergo serine phosphorylation by any of

the MAPKs (Figure 13D), consistent with serine 727 as the site ofphosphorylation. These

results show that all three MAPKs are capable ofusing STAT3 as substrate m vivo, although

the actual contributions of the individual MAPK family members in vivo will depend on the

extent of their activation by v-Src.

Inhibition ofp38 Activity Blocks Constitutive STAT3 Signaling and Src

Transformation. Results presented above firom transient transfection assays with reporter

constructs show that MKK-mediated p38, and to a lesser extent JNK, activities are required

for constitutive STAT3 signaling in Src-transformed cells. To fiirther demonstrate this

requirement, we show the effects of inhibition ofMKKs or p38 on the induction of the

STAT3-dependent luciferase reporter, pLucTKS3, in v-Src-transformed fibroblasts that stably

express this reporter. Because STAT3 is constitutively activated in Src-transformed cells
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(Yu, et al., 1995, Science 269:81-83), NIH 3T3/v-Src/TKS3 cells stably expressing the

STAT3 reporter exhibit very high luciferase activity reflecting constitutive STATS-dependent

induction of this reporter. As seen in transient transfections, treatment ofNIH 3T3/v-

Src/TKS3 cells with PD98059 or SB202190 partially or completely suppresses constitutive

induction of the STAT3-dependent luciferase reporter, respectively (Figure 14A), consistent

with an obUgatory requirement for p38 in constitutive STAT3 signaling in Src-transformed

cells. p38-mediated STAT3 serine phosphorylation is required for v-Src transformation.

This is shown by demonstrating the effects of inhibition ofp38 on anchorage-independent

growth of Src-transformed fibroblasts in soft-agar suspension. Treatment of cells in agar with

SB202190 completely blocks colony formation of Src-transformed cells (Figure 14B). In

contrast, treatment with the same inhibitor has no significant effects on colony formation by

Ras-transformed fibroblasts, which do not require STAt3 activation (Figure 14C). Thus, the

inhibition by SB202190 of Src-transformation is not the outcome of gross cytotoxicity. These

studies show that p38 activity and STAT3 serine phosphorylation are required for

transformation by Src but not by Ras. The effect of inhibition of MKKl/2 by PD98059 on

anchorage-independent growth of fibroblasts transfomied by v-Src or v-Ras is also shown.

Results show a.lack of significant effect of this inhibitor on transformation by eitiier

oncoprotem (Figure 14B and 7C), showing that inhibition ofMKKl/2 is not sufficient to

block Src or Ras transformation. Together, these results demonstrate that p38 activity, is

required for STAT3-mediated gene regulation and v-Src transformation.

DISCUSSION

In parallel to the constitutive DNA-binding activity and tyrosine phosphorylation of

STAT3, the Src oncoprotein recruits additional signalmg pathways crucial for STAT3

function (Figure 15). Upstream of these signals is Ras, which fiinctions to coordinately

integrate serine/threonine kinase activities necessary for efficient STAT3 transcriptional

activity. As one of the Ras-mediated pathways, MKK-ERK signaling interacts v^th that of

STAT3.

Positioned downstream from Ras, the Racl family of small G proteins is key to

signals that induce p38 and JNK serine/threonine kinases. We show that Racl signaling is

recruited by v-Src, and demonstrate that STAT3 signaling induced by v-Src requires

components ofRacl signaling, including MLK family members and MKK4. The rescue of

STAT3 fimction by p38 and JNK proteins from inhibition induced by dominant-negative Ras
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provides compelling evidence that these serine/threonine kinases are key in Src-induced

STAT3 signaling. Thus, the essential role ofRas in this STAT3 signaling is the recruitment

ofRacl -mediated p38 and JNK activities. Both p38 and JNK activities are constitutively-

induced in cells stably transformed by Src. The aberrant constitutive activation of these two

kinases may be essential to maintain the observed elevated STAT3 serine phosphorylation

and transcriptional activity in Src-transformed cells. This is the first demonstration of

constitutive induction ofp38, JNK, and STAT3 serine phosphorylation in cells stably

transformed by Src, and provides evidence that these events are associated.

Our findings presented here define signal transduction networks from v-Src to STAT3

in NIH 3T3 fibroblasts that integrate tyrosine and serine/threonine kinase pathways (Figure

1 5). This provides a key role for Ras, which regulates the contributions ofthe MKKl/2

cascade and the Racl -mediated stress-activated pathways involvmg p38 and JNK. While Ras

has been shown to have an essential role in transformation ofNIH 3T3 cells by v-Src, more

recent studies have demonstrated that Ras is not required for Src transformation of chicken

embryo fibroblasts or Rat-2 fibroblasts (Aftab, et al., 1997, Proc. Natl. Acad. Sci. USA.

94:3028-3033). Thus, the requirement for Ras-mediated signaling in Src transformation is

cell type specific. Our results also indicate that downstream events, such as p38 and JNK

signaling, are not sufficient to induce STAT3 transcriptional activity in the absence of Src.

Nevertheless, activation ofthe stress signaling pathways involving p38 and JNK is obligatory

for STAT3 fimction.

Because serine phosphorylation of STAT3 is required for its maximal transcriptional

activity, and STAT3 signaling is obligatory for Src transformation, the present example

shows that p38 and JNK-mediated STAT3 serine phosphorylation is necessary for Src

oncogenesis. Thus, it is highly significant that inhibition of p38-mediated STAT3 serine

phosphorylation blocks transformation by v-Src and not other oncoproteins like Ras that do

not induce STAT3 signaling. These findings underscore the fimctional importance of p38 m

mediating STAT3 serine phosphorylation in Src oncogenesis. In addition, the pathways

delineated here are relevant to normal STAT3 signaling because recent studies demonstrate

that p38 induces STAT3 serine phosphorylation in T cells in response to IL-12 and IL-2. This

example provides the first evidence detailing crosstalk between the Ras/Racl-mediated

p38/JNK pathways and STAT3 signaling leading to serine phosphorylation ofSTAT3 in the

context of oncogenesis. The example also demonstrates a convergence at the level ofSTAT3

of multiple signaling pathways activated by Src. These novel observations provide new
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insight into some ofthe signaling pathways induced by the Src oncoprotein that potentially

have critical roles in cell transformation and hviman cancer.

EXAMPLE 9

Constitutive Activation of STAT3 Signaling Confers Resistance to Apoptosis in Human

U266 Myeloma Cells.

Example 9, shows that inhibition of STATS signaling promotes apoptosis in myeloma

tumor cells, and that this effect is mediated by the antiapoptotic protein Bc1-Xl, which is under

transcriptional control ofSTAT3. Therefore, inHbition of STATS signaling is desirable in

the present invention to promote apoptosis in specifically tumor cells. In the subsequent

related example, BcI-Xl is shown to cause resistance oftumor ceUs to chemotherapeutic

agents, thereby supporting inHbition of STATS signaling as a means in the present invention

of enhancing the effectiveness ofchemotherapy and radiation therapy.

Interleukin 6 (IL-6) is the major survival factor for myeloma tumor cells and induces

signaling through the signal transducer and activator oftranscription (STAT) proteins. We

show in this example that one STAT family member, STATS, is constitutively activated in

bone marrow mononuclear, cells from patients with multiple myeloma and in the IL-6-

dependent human myeloma cell line, U266. Moreover, U266 cells are inherently resistant to

Fas-mediated apoptosis and express high levels of the anti-apoptotic protein, 'Bcl-Xi,.

Blocking IL-6 receptor signaling from Janus kinases to the STATS protein inhibits Bcl-x^

expression and induces apoptosis, demonstrating that STATS signaling is essential for the

survival ofmyeloma tumor cells. These fmdings show that constitutively-activated STATS

signalmg contributes to the pathogenesis of multiple myeloma by preventing apoptosis, and

that inhibition ofSTATS is thereby desirable to promote apoptosis in these tumor cells.

METHODS
Cells and inhibitors. U266 and RPMI 8226 cell lines are originally obtained from ATCC

and maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (PCS). For

detection of STATs in primary bone marrow (BM) cells, BM aspirates are diluted 1 :2 in

phosphate-buffered saline (PBS) and mononuclear cells are separated by the standard FicoU-

Hypaque (Pharmacia LKB Biotechnology) sedimentation procedure. Mononuclear cells are

washed twice with PBS, and nuclear extracts are prepared as described below. For inhibitor

studies, ammimum of 10' U266 cells are freated with 1 mg/ml Sant7 or with 50 mM AG490



wo 00/44774 PCT/USOO/01845

30

(Meydan, et al., 1 996, Nature 379:645-648). NIH 3T3 cells overexpressing the human EGF

receptor have been described (Garcia, et al., 1997, Immunity 5:449-460).

Nuclear extracts and EMSA. Nuclear extracts are prepared as previously described.

Briefly, nuclei are isolated and extracted in hypertonic buffer (20mM HEPES, pH 7.9, 420

mM NaCl, 1 mM EDTA, 1 mM EOTA, 20% glycerol, 20 mM NaF, 1 mM Na3V04, 1 mM

Na2P407, 1 mM DTT, 0.5 mM PMSF, 0.1 mM aprotinin, I mM leupeptin, and 1 mM antipain).

Extracts are normalized for total protein, and 2-6 mg of protein is incubated with the "P-

labeled high-affinity SIE probe, (5'-AGCTTCATTTCCCGTAAATCCCTA-3') derived from

the c-fos gene promoter, as described (Yu, et al., 1995. Science 69:81-83; Garcia, et al., 1997,

Cell Growth Diff. 8:1267-1276). Protein-DNA complexes are resolved on 5% non-

denaturing polyacrylamide gels and analyzed by autoradiography. Controls are performed

using rabbit polyclonal antibodies specific for STATl, STAT3. or STAT5 proteins (Santa

Cruz Biotechnology). The anti-Stat3 and anti-Stat5 antibodies supershift DNA-binding

complexes, whereas the anti-Statl antibodies block complex formation (Yu, et al., 1995,

Science 69:81-83; Garcia, et al., 1997, Cell Growth Diff. 8:1267-1276). For competition

assays, nuclear extracts containing equal amounts of total protein are incubated with 100-fold

molar excess of unlabeled SIE oUgonucleotide or unlabeled irrelevant oligonucleotide, which

contains the c-fos intragenic regulatory element (FIRE, 5'-

GTCCCCCGGCCGGGGAGGCGCT-3 ').

Flow cytometry and apoptosis assays. For surface detection of the Fas receptor, 10* cells

are suspended in 100 ml PBS with 2.5 mg/ml mouse IgM (Sigma) and 100 mg UB2 antibody

(MBL) or IgG, isotype control serum (Dako). Following 30 min incubation at room

temperature, cells are washed with PBS, and incubated in the dark for 30 min with goat anti-

mouse Ig-FITC. Fluorescence is measured on a FACScan flow cytometer and analyzed using

CellQuest software (Becton Dickinson). For cell cycle analysis, 10* cells are fixed in ice-

cold ethanol for a minimum of2 h, washed with PBS, and stained with 5 mg/ml propidium

iodide (PI) and 50 mg/ml RNase A at 37°C for 30 min prior to analysis by flow cytometry.

Sensitivity to Fas-mediated apoptosis is determined by exposing cells to 500 ng/ml agonistic

antibody (CH-11, MBL) or 100 ng/ml Fas ligand (Alexis) for 18-24 h. Apoptosis is

measured by staining with Annexin V-FITC (Clontech) and flow cytometry analysis. Fas-

specific death is calculated as (% Annexin V positive cells in the CH-1 1 treated population) -

(% Annexin V positive cells in the IgM control population). Programmed cell death in cells

transfected with the bicistronic green fluorescent protein vectors (pIRES-EGFP or pIRES-
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Stat3b) is analyzed after staining with Annexin V-PE (Pharmingen) by two color flow

cytometry analysis. Apoptotic morphology ofDAPI-stained nuclei and green/red

fluorescence is confirmed by fluorescence microscopy.

Western blot analysis. Cells are lysed in a buffer composed of 50 mM Tris-Cl, pH 7.4, 5

mM EDTA, 150 mMNaCl, and 0.5% Triton-X 100 containing 1 mg/ml leupeptin and

aprotinin, and 1 mM PMSF. Protein content of the cell lysates is quantified by the Bradford

assay (Bio-Rad), and 1 5 mg total protein is dissolved in Laemmli SDS-PAGE sample buffer

prior to separation by 10% SDS-PAGE. Proteins are transferred to PVDF membrane and

Western blot analysis is performed by standard techniques with ECL detection (Amersham).

The Bcl-2 antibody, clone 124 (Dako), is used at a 1 :2000 dilution. The Bc1-Xl antibody,

clone S-18 (Santa Cruz Biotechnology), is used at a 1 :500 dilution. Blots are quantified by

densitometry and expression levels were normalized to b-actin (Sigma).

RNA isolation and RT-PCR analysis. Total RNA is isolated by lysis in guanidine

isothiocyanate followed by centrifiigation through a cesium chloride gradient. cDNA is

prepared from 200 ng of total RNA in a 40 ml reaction with AMV-RT (Boehringer-

Mannheim). Specific gene amplification is performed on 5 ml of the cDNA reaction with the

following primers: Z,c^2: 5'-CGACGACTTCTCCCGCCGCTACCGC-3;, and

5'-CCGCATGCTGGGGCCGTACAGTTCC-3', which corresponds to bases 1761-1785; bcl-

x: 5'-CGGGCATTCAGTGACCTGAC-3' and 5'-TCAGGAACCAGCGGTTGAAG-3' which

amplifies a 340 bp amplicon of bcl-x, or a 151 bp amplicon of bcI-Xs, and histone 3.3:

5'-CCACTGAACTTCTGATTCGC-3' and 5'-GCGTGCTAGCTGGATGTCTT-3'. Ten ml of

PGR products are electrophoresed on a 5% acrylamide gel and quantified by

phosphorimaging using ImageQuant software (Molecular Dynamics).

Construction of plasmids. The murine bcl-x promoter reporter constmcts are derived firom

a 3.2 kb genomic fi-agment containing the 5' region of the bcl-x gene upstream of the ATG

translational start codon and have been described in detail (GriUot, et al., 1997, J. Immunol.

158:4750-4757). To construct the pGL2-mSTl reporter, three bases are mutated in the

STATl-binding motif (normal: TTCGGAGAA, mutant: TGAGGATAA) at position -315 to -

307 (GriUot, et al., 1997, J. Immunol. 158:4750-4757) in the 600 bp fragment of the mouse

bcl-x promoter. The equivalent site in the human promoter was mutated previously (Fuj io, et

al., 1997, J. Clin. Invest. 99:2898-2905). The pMvSrc vector encoding v-Src protein has

been described (Turkson.etal., 1998. Mol. Cell. Biol. 18:2545-2552). To construct

pIRES-Stat3b, the human STAT3b gene is excised fi-om plasmid pSG5hStat3b by ATioI



wo 00/44774
PCT/US00/0184S

32

digestion, made blunt-ended with Kleaow fragment ofDNA polymerase, and subcloned into

the EcoRY site ofpIRES-EGFP vector (Clontech). The structure ofpIRES-Stat3b is

confirmed by restriction mapping, DNA sequencing, and functional analyses in transient

transfections.

Transfections and luciferase assays. Transfections ofNIH 3T3 are performed by the

calcimn-phosphate method as previously described (Turkson, et al., 1998, Mol. Cell- Biol.

18:2545-2552). A total of20 mg ofDNA is added to cells, including 4 mg ofthe mdicated

luciferase reporter construct, 200 ng b-galactosidase expression vector, and 4-8 mg each of

pMvSrc or pIRES-Stat3b. Cells are incubated for 48 h, lysed and cytosolic extracts prepared

as described (Turkson etal.. 1998. Mol. Cell. Biol. 18:2545-2552). The cytosolic fractions

are used for luciferase assays (Promega) and analyzed with a luminometer. Samples are

normalized to b-galactosidase activity by colorimetric assay at A„o as an internal control for

transfection efficiency. Transfections ofthe U266 myeloma cell line are performed by

adding DNA to 300 ml RPMI 1 640 media and mixing with 30 ml TransIT-LTl (PanVera). A

total of 25 mg ofDNA is added in 10 ml serum-free media, including 8 mg of the indicated

luciferase reporter construct. 2 mg ofb-galactosidase vector, and 8 mg of pIRES-Stat3b or

pIRES-EGFP. Cells.are incubated 3 hours and fresh media is added to give a final

concentration of 10% PCS. Cytosolic extracts are prepared 48 hours post transfection. and

luciferase activities are normalized to b-galactosidase activity in all samples as described

above.

Results

High Frequency ofSTAT Activation in Human Multiple myeloma Tumors

To demonstrate the prevalence of STAT activation in primary myeloma tumors.

STAT activity in the mononuclear fraction of bone marrow specimens obtained from patients

with multiple myeloma is evaluated. STAT activation can be detected by elevated DNA-

binding activity as measured in electrophoretic mobility shift assays (EMSA) using an

oligonucleotide probe corresponding to the ^.-inducible element (SIE), which binds activated

STATl and STAT3. Nuclear extracts prepared from bone marrow specimens reveal elevated

SIE-binding activity, to varying extents, in all 24 multiple myeloma patients Examined, with

dramatic elevation in one-third of these (Figure 16a). In contrast, little or no activated

STATs is detected in bone marrows from normal individuals or patients with no evidence of

bone marrow metastases. To identify the STAT family members activated in multiple

myeloma tumor cells, supershift experiments are performed using antibodies specific for
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different STATs. STAT3 homodimers and STATl :StaG heterodimers are the predominant

forms of activated STATs in the majority ofmultiple myeloma specimens examined (Figure

16b). STATl homodimer activation is present at a lower frequency, and no STATS

activation is detected using a STATS-specific probe. These results demonstrate a high

incidence of constitutively elevated STAT3 activation in multiple myeloma tumor cells.

Stat3 Activation in U266 Myeloma Cells Is Constitutive and Dependent on Signaling

from IL-6 receptor to JAK FamUy Kinases

The human myeloma cell line, U266, has a well-characterized IL-6 autocrine loop and

depends on its own production of the cytokine for growth and survival (Schwab, et al., 1991,

Blood 77:587-593; Keller and Erschler, 1995, J. Immunol. 154:4091-4098). Nuclear

extracts prepared from U266 cells exhibit constitutive SIE-binding activity that is specifically

competed by unlabeled SIE but not by an irrelevant oligonucleotide (Figure 17a). Altiiough

U266 cells are dependent on an IL-6 autocrine loop, stimulation witii exogenous IL-6 induces

fiirther activation ofSTAT DNA-binding activity. To confirm the identity of STAT family

members activated in U266 cells, control experiments are performed using nuclear extracts

from EGF-stimulatedNIH3T3 cells as a reference (Zhong, etal., 1994,EMBOJ. 15:4515-

4525) and antibodies specific for different STAT family members. The SIE-binding activity

in U266 cells contains predominantly activated STAT3 homodimers and, to lesser extents,

STATl :Stat3 heterodimers and STATl homodimers (Figure 17a). This pattern ofSTAT

activation in U266 cells is thus similar to that ofmany multiple myeloma tiunor specimens

described above.

Sant7 is a potent IL-6 superantagonist that competes with IL-6 for bmding to surface

IL-6 receptors and prevents the gpl30 subunits from oligomerizing and initiating downstiream

signaling (Sporeno, et al., 1996, Blood 87:4510-4519). Inhibition of IL-6 receptor signaling

by Sant7 reduces constitutive STAT3 DNA-binding by nearly 70% witiiin 12 hours and

persists for at least 24 hours in U266 cells (Figure 17b). Involvement ofJAKs in STAT3

signaling is demonstrated by using a specific inhibitor ofJAK family kinases, the tyrphostin

AG490. Constitutive STAT3 DNA-binding activity is inhibited by AG490 in a time-

dependent manner, with complete abrogation of STAT3 activity occurring within 16 to 24

hours in U266 ceUs (Figure 17c). Togetiier, these results demonstiate tiiat the majority of

constitutive STAT3 activation observed in U266 myeloma cells is mediated by IL-6 signaling

from the IL-6 receptor to JAK family kinases.
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U266 Myeloma CeUs Express Elevated Levels ofBd-x^ and Are Inherently Resistant to

Apoptosis

Comparison of the two model human myeloma cell lines reveals a relative difference

in resistance to Fas-mediated apoptosis by the IL-6-dependent cell line U266 as compared to

8226, which is not dependent on IL-6. Both myeloma cell lines express high levels ofFas on

their cell surface (Figure 1 8a). However, treatment of 8226 cells with Fas ligand or the

agonistic mAb, CH-11, results in 40-65% apoptosis, whereas U266 cells are completely

resistant to Fas-mediated cell death (Figure 1 8b). This resistance cannot be attributed to

reduced receptor expression, nor is it due to function-ablating mutations (Landowski, et al.,

1997, Blood 90:4266-4270). To show the mechanism ofFas resistance in the U266 cell line,

we examine the expression ofthe anti-apoptotic proteins, Bcl-2 and BcI-Xl- Constitutive

mRNA and protein expression of both Bcl-2 and Bc1-Xl are higher in U266 cells as compared

to 8226 cells, with levels 2- to 7-fold greater after normalization (Figure 18c).

AG490 Inhibits Expression of Bc1-Xl and Promotes Apoptosis in U266 CeUs

To demonstrate the role of IL-6-mediated BcI-Xl expression in regulating apoptosis of

U266 cells the IL-6 receptor signal transduction is disrupted. Inhibition ofJAK family

kinase activity by AG490 treatment results in a significant reduction of bcl-xmRNA

expression following 24 hours of exposure, and by 30 hours the Bcl-Xi, protein levels are

nearly absent (Figure 19a). The kinetics of Bcl-x^ inhibition closely follow the kinetics of

STAT3 inhibition by AG490 (compare with Figure 17c). In contrast, AG490 has no effect

on the expression of Bcl-2 or the housekeeping genes, histone 3.3 and a-actin, demonstrating

that AG490 treatment does not induce a general block in gene transcription or translation.

The inhibition of Bc1-Xl expression by AG490 increases sensitivity to Fas-mediated

apoptosis. Following 24 hours of exposure to AG490, U266 cells are treated with the Fas

agonistic mAb, CH-1 1, for an additional 12 hours and analyzed for programmed cell death.

Stiikingly, following reduction in Bcl-x^ expression, U266 cells display a marked increase in

sensitivity to Fas-mediated apoptosis (Figure 19b), witii up to 90% of cells undergoing

apoptosis. This effect is not a general stress response, as AG490 treatment does not enhance

sensitivity to Fas-mediated cell deatii in the IL-6-independent 8226 cells. Witii extended

exposure to AG490 for 48 h, 70% ofU266 cells accumulate in Gl, and at 72 hours display

extensive spontaneous cell death. Combined witii tiie data in Figure 17, tiiese fmdings show
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that STAT3 signaling contributes to the resistance ofU266 cells to programmed cell death by

inducing expression of Bcl-Xi,.

Dominant-negative STAT3 Protein Inhibits Expression of BcI-Xl and Promotes

Apoptosis in Transfected U266 Myeloma Cells

Because multiple signal transduction pathways have been shown to originate from the

IL-6 receptor, the effects ofa dominant-negative STAT3 protein on Bc1-Xl expression and

cell survival are analyzed. STAT3b is a naturally-occurring splice variant ofSTAT3 that

lacks the C-terminal transactivation domain and functions in a dominant-negative manner to

block STAT3-mediated gene regulation in many but not all cell types. U266 cells are

transiently-transfected with an enhanced green fluorescent protein (EGFP) expression

construct encoding STAT3b (pIRES-Stat3b) or the empty vector (pIRES-EGFP). This

construct contains an internal ribosomal entry site, allowing translation of STAT3b and EGFP

from a single bicistronic mRNA. Because of the low transfection efficiency ofhuman

myeloma cells, STAT3b-expressing cells are isolated by FACS on the basis ofEGFP

expression and then analyzed for Bcl-x^ levels 48 hours post-transfection. Western blot

analyses ofFACS-sorted STAT3b-expressing cells reveal decreased Bcl-x^ expression

relative to empty vector transfectants (Figure 20a). Based on normalization to a-actin protein

levels probed on the same blot, results indicate that Bcl-x^ protein levels are decreased by

nearly 80% in the STAT3b-expressing cells. In separate experiments,mRNA is extracted

from FACS-sorted STAT3b-expressing cells or empty vector transfectants and analyzed by

RT-PCR. Results demonstrate a reduction in bcl-xmRNA levels, similar to the reduction in

Bc1-Xl protein, in STAT3b-expressing cells (Figure 20a). In contrast, Bcl-2 protein and

mRNA levels are not substantially reduced in STATBb-expressing cells, consistent with the

AG490 results described above.

Significantly, when transiently-transfected STAT3b-expressing U266 cells are

examined by Annexin V-PE staining and FACS analysis, a high level of apoptosis is observed

relative to empty vector transfectants. At 72 hours post-transfection, 66% of STAT3b-

expressing cells were apoptotic. compared to only 28% of cells transfected with empty vector

(Figure 20b). There is only a modest increase in apoptosis of STAT3b-expressing cells in

response to the Fas agonistic antibody. CH-1 1 .
probably due to the high levels of spontaneous

apoptosis already in progress in STAT3b-expressing cells. These conclusions are confirmed

by fluorescence and light microscopy of STAT3b-expressing cells enriched by FACS sorting
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on the basis ofEGFP expression. Following staining with DAPI for morphological

examination, fluorescence microscopy is used to identify green fluorescent cells expressing

STAT3b. Results show that the majority of cells expressing STAT3b exhibit nuclear

fragmentation characteristic of apoptosis, whereas cells not expressing STAT3b are normal in

appearance (Figure 21). These results demonstrate that STATS-dependent signaling is

critical for the survival ofmyeloma tumor cells and their resistance to progranmied cell death.

Stats Regulates Transcription from the bcl-x Gene Promoter

The above results show that STATS-mediated signaling regulates Bc1-Xl expression.

Mouce bcl-x promoter constructs are used to demonstrate transcriptional regulation ofthe

bcl-x promoter by STATS. These constracts are fused to a luciferase reporter gene (Figure

22a). As shown in Figure 22b, activation of endogenous STATS by v-Src induces the

expression of bcl-x reporters 5- to 20-fold over basal levels in transfected NIH STS cells.

This induction is STATS-specific because it is effectively disrupted by overexpression of

STATSb. Further analyses using serial upstream truncations of the bcl-x gene reveal that the

600 bp promoter-proximal region contained in pGL2-0.6R is sufficient for STATS-mediated

induction in response to v-Src (Figure 22b). In addition, mutation of the reported STATl -

binding site in this region ofthefec/-x promoter (Fujio,etal., 1997, J. Clm. Invest. 99:2898-

2905) does not diminish transcriptional induction by v-Src (Figure 22b). Because v-Src

induces exclusively STATS, and not STATl or other STAT family members in NIH STS

cells, these results demonstrate that STATS alone can mediate induction of the bcl-x

promoter.

Consistent with the observations in fibroblasts, transfection ofU266 myeloma cells

with the bcl-x promoter constructs results in greater than 25-fold increases in expression of

these reporters relative to control promoter in the inverse orientation (Figure 22c).

Furthermore, transfected U266 cells respond to exogenous IL-6 stimulation with an additional

induction of the bcl-x promoter above the constitutive levels. Both the constitutive and IL-6

induced activation of the bcl-x reporters is dependent on endogenous STATS, as

demonstrated by the ability of overexpressed STATSb to block this induction in a dominant-

negative manner. As in fibroblasts, the 600 bp bcl-x promoter-proximal region is sufficient

to confer constitutive and IL-6 induced expression in myeloma cells, and the STATl-bmding

site mutant, pGL2-mSTl, shows an increase in expression relative to pGL2-0.6R (Figure

22c). These results are consistent with our finding that this highly conserved 600 bp region
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ofthe mouse and human bcl-x genes harbors multiple STAT3-binding sites, also called acute-

phase response elements or APRE sequences.

Discussion

Our findings delineate a complete signaling pathway fi-om IL-6 through STAT3 to the

bcl-x gene (Figure 22d), and demonstrate that STAT3 signaling confers resistance to

apoptosis in human myeloma tumor cells. These novel results provide evidence that

constitutively-activated STAT3 signaling contributes to the malignant progression of multiple

myeloma by preventing apoptosis, thus allowing accumulation of long-lived myeloma tumor

cells. Protection fi-om apoptosis in myeloma cells can be mediated by STAT3-induced

expression of BcI-Xl- This conclusion is supported by observations that blockmg STATS

signaling inhibits Bc1-Xl expression and induces apoptosis of myeloma cells. While it is

likely that multiple cellular mechanisms contribute to the survival of multiple myeloma cells,

results presented here demonstrate an essential role for STAT3 signaling in preventing

apoptosis ofmyeloma tumor cells.

The presence ofAPRE sequences and the response to IL-6-induced STAT3 activation

define bcl-x as a classical acute-phase response gene. Protection firom programmed cell

death can be a feature in common between the IL-6-induced acute phase response and

malignant progression of multiple myeloma tumors. EMSA analyses using oligonucleotides

corresponding to putative APRE sequences in the 600 bp promoter region reveals the

presence of five STAT3-binding sites that do not bind STATl , three ofwhich are conserved

between mouse and human. Thus, stimulation ofSTATl and STAT3 signaling through IL-

6-related cytokines may confer cytoprotective effects through a common mechanism

involving distinct STAT-binding sites in the bcl-x promoter. In contrast to transient

cytoprotective effects that the acute phase response confers in normal cells, however,

protection from cell death is chronic in tumor cells with constitutive STAT3 activation. This

distinction is likely to be critical in the recruitment of this normally cytoprotective pathway to

a participatory role in oncogenesis.

The anti-apoptotic activity of Bc1-Xl has been attributed to its ability to form

heterodimers and inactivate pro-apoptotic members of the Bcl-2 family, including Bad. Bax

and Bak(Kelekar,etal., 1997, Mol. Cell. Biol. 17:7040-7046). Thus, dysregulated

expression of any one of these proteins can result in an imbalance that affects the cellular

response to physiological signals for apoptosis. Fas is a key physiological regulator of
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homeostasis in the immune system, where it functions to delete activated effectors of the

immune response. We demonstrate that STAT3 signaling regulates Bc1-Xl expression, and

that blocking STAT3 signaling leads to enhanced susceptibility to Fas-mediated apoptosis

and ultimately spontaneous programmed cell death. This is likely due to the relative increase

in pro-apoptotic protein activity resulting from the reduced Bc1-Xl expression.

Results presented here also have significant imphcations for treatment ofhuman

cancers with activated STAT3 signaling, in the present invention. Elevated Bc1-Xl

expression has been indicated as a mechanism of resistance to some chemotherapeutic drugs

and radiation therapies that utilize cellular apoptosis pathways to eliminate tumor cells.

Because disruption of STAT3 signaling reduces Bcl-x^ expression and increases sensitivity to

apoptosis, therapeutic strategies which disrupt STAT3 signaling will not only prevent

malignant progression but also confer sensitivity to certain chemotherapeutic drugs and

radiation therapy.

Thus, agents that selectively block STAT3 signaling can be used in combination with

conventional chemotherapeutic agents, including but not limited to paclitaxel, cisplatin,

vincristine, 5-fluorouracil, docetaxel, camptothecin, estramustine mitoxantrone, and

prednisone, for more effective anti-tumor therapy. These findings further identify STAT3 as

a target for therapeutic intervention in multiple myeloma and other human cancers with

activated STAT3 signaling.

EXAMPLE 10

Stat3 and Bcl-x Expression in Myeloma Cells: Effects on Chemotherapy

Example 10 demonstrates that overexpression of Bcl-x confers resistance to

chemotherapy in myeloma cells. An embodiment of the present invention is the inhibition of

STAT3 signaling for the purpose of enhancing the effectiveness of chemotherapy, to which

this example directly relates.

Bcl-x Overexpression Confers Resistance to Chemotherapy in Myeloma CeUs. Stable

transfectants ofU266 cells overexpressing Bcl-x^ protein tagged with the FLAG epitope are

generated to demonstrate that Bcl-x^ confers resistance to chemotherapy in myeloma cells.

As shown in Figure 23a, several stable clones are isolated that overexpress Bc1-Xl to varying

extents. These Bc1-Xl overexpressing cells are resistant to apoptosis induced by AG490, as

predicted since the ectopic Bcl-x^ is expressed from a CMV promoter and is thus independent
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ofJAK-STAT signaling. Significantly, the Bcl-x overexpressing cells are also resistant to

apoptosis induced by the chemotherapy drugs, melphalan (LPAM) and mitoxantrone (Figure

23b). These findings support one embodiment of the present invention, that Bcl-x confers

resistance to chemotherapy-induced apoptosis, and therefore that inhibition of STAT3

signaling promotes chemotherapy-induced apoptosis.

EXAMPLE 11

Stats as a target for gene therapy: dominant-negative STAT3 suppresses growth of the

murine melanoma B16 tumor in vivo.

In vitro expression of a STAT3 variant with dominant-negative properties, STAT3b,

induces cell death in murine B 1 6 melanoma cells that harbor activated STAT3. By contrast,

expression of STAT3b has no effect on normal fibroblasts or the STAT3-negative murine

tumor, MethA. Thus only tumor cells with activated STAT3 are dependent on this pathway

for survival. Significantly, gene therapy by electroinjection of the STAT3b expression vector

into pre-existing B 16 tumors causes inhibition oftumor growth as well as tumor regression.

This STAT3b-induced antitumor effect is associated with apoptosis ofthe B 16 tumor cells in

vivo. These findings demonstrate for the first time that interfering with STAT3 signaling

induces potent antitumor activity in vivo, and thus identifies STAT3 as a molecular target for

therapy ofhuman cancers harboring activated STAT3.

MATERIALS AND METHODS

Cell lines and culture medium. Mouse B 1 6 melanoma cell line, MethA sarcoma cell

line, and mammary carcinoma cell lines 4T1 and TSA are grown in RPMI 1640 (Gibco BRL,

NY) supplemented with 10% fetal bovine serum (HyClone, UT ), 2 mM L-glutamine, 1 mM

sodium pyruvate, 1% minimal Eagle's medium nonessential amino acids and 100 lU/ml

penicillin/streptomycin. NIH 3T3 (ATCC) cell line is grown in Dulbecco's modified Eagle's

medium (DMEM, Gibco BRL, NY) supplemented with 5% calf serum.

Nuclear extracts and EMSA. Nuclear extract preparation and electrophoretic

mobility shift assays (EMSAs) are performed essentially as described earlier (Yu, et al, 1995,

Science. 25P.-81 -83, Garcia, era/., 1997, Cell Growth Differ. 5.1267-1276, Catiett-Falcone,

R., etal, 1999, Immunity 70.105-115).

Plasmids. The construction and characterization ofpIRES-Stat3b has been described

(Catlett-Falcone, R., et al, 1999, Immunity 10: 105-1 15). STAT3b cDNA is also inserted



wo 00/44774 PCT/US00/0184S

40

into the pAdCMV vector (Quantum Biotechnologies, Montreal, Qc). The ability of

pAdCMV-Stat3b to express STAT3b protein is verified by Western blot analysis after

transfection into NIH 3T3 cells.

Transfections and flow cytometric analysis. Transfections in vitro are performed by

the lipofectamine-mediated method (Gibco BRL, NY). To determine transfection efficiency,

relative fluorescence intensity is measured by fluorescence-activated cell sorting (FACS) of

both pIRES-EGFP/pSVjneo and pIRES-StatSb/pSV^neo transfected cells. For stable

transfectants, one plate oftransfected cells from each group is used for determining the

transfection efficiency, and the remaining plates are allowed to grow in medium

supplemented with 500 mg/ml G41 8. Two weeks later, the G41 8-resistant colonies are fixed

in 4% paraformaldehyde and the number of colonies counted. GFP-positive colonies are

counted (for 316 cells) or estimated (for NIH 3T3 cells) under fluorescence microscopy.

Mice and tumors. Six-week-old female C57BL mice are purchased from the National

Cancer Institute (Frederick, MD). Mice are shaved in the left flank area and injected

subcutaneously (s.c.) with 2x10^ 316 cells in 100 ml PBS. After 7-10 days, 316 tumors

with a diameter of 3-6 multiple myeloma are established. Animals are stratified so that the

mean tumor sizes in all treatment groups are nearly identical. Tumor volume is calculated

according to the formula V=0.52 x a' x b (a, smallest superficial diameter; b, largest

superficial diameter).

DNA electroinjection in vivo. The gene delivery procedure is performed after the

mice are anesthetized. One hundred \ig of plasmid DNA in 100 ml saline is injected directly

into the tumor using a 25 gauge, 3/8 inch length needle. Electric pulses are delivered through

custom designed electrodes, which are placed around the tumor, using a PA 4000 DC

generator (Cyto Pulse Sciences, Inc., Columbia, MD). Electroinjection of the tumor cells is

accomplished by applying a total of fourteen 100 ms electric pulses at a nominal field strength

of 1500 V/cm at 1 second intervals.

Histochemistry and immunohistochemistry. Electroinjection with pIRES-EGFP or

pIRES-Stat3b is carried out in 4-5 multiple myeloma B 1 6 tumors. Three days post in vivo

transfection, mice are euthanized and the tumors are excised and immediately frozen in liquid

Nj. Serial sections of tumors are also fixed in formalin, stained with H&E and processed for

routine histologic examination. The anti-GFP monoclonal antibody (Clontech, Palo Alto,

CA) is applied to 3 ^M sections from frozen sections of tumors, using the avidin-biotin-

peroxidase complex method (Vectastain Elite ABC kit. Vector, Burlingame, CA). All slides
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are lightly counterstained with Mayer's hematoxylin for 30 s before dehydration and

moiinting. Non-immune protein (mouse IgG) negative controls are used for each section.

For b-gal staining, tumor tissues are excised and fixed in 0.5% gluteraldehyde 3 days after

electroinjection of either the b-gal or pcDNA3 plasmids. Cryostat sections are mounted on

poly-lysine-coated slides and briefly fixed in 0.5% glutaraldehyde. The X-gal reaction is

carried out according to the supplier's instructions (Boehringer Mannheim, Indianapolis, IN)-

Temiinal deoxynucleotidyltransferase-mediated dUTP-Digoxigenin nick-end-labeling

(TUNEL) assay. B 1 6 tumors that receive either pIRES-EGFP or pIRES-Stat3b

electroinjections are used for this assay. Three ^im sections from paraffinized tissues are

dewaxed and rehydrated according to standard protocols. After incubation with proteinase K

(30 min at 2V C), the TUNEL reaction mixture (Boehringer Mannheim, Indianapolis, IN) is

added to rinsed slides and incubated in a himiidified chamber for 60 s at 37** C. This is

followed by incubating with Converter-AP (50 ml) and substrate solution (50 ml). The

reaction is visualized by light microscopy.

RESULTS

Stat3 is constitutively-activated in murine tumor cells. Four murine tumor cell lines,

comprising melanoma B 16, mammary carcinomas TSA and 4T1, and sarcoma MethA, are

evaluated for STAT DNA-binding activity in electrophoretic mobility shift assays (EMSA).

An oligonucleotide probe corresponding to a high-affinity mutant of the 5:/>inducible element

(hSIE), which binds activated STATl and STAT3 is used to determine whether the nuclear

extracts fi^om these tumor cells contain constitutively-activated STAT3 protein. With the

exception of MethA, all of the other murine tumor cells contain elevated hSIE-binding

activity corresponding to STAT3 homodimers (Figure 24, a and b).

Overexpression ofa STAT3 dominant-negative protein, STAT3b, induces cell death

in B 1 6 tumor cells in vitro. STAT3b is a naturally-occurring splice variant of STAT3 that

lacks the C-terminal transcriptional activation domain and hence fimctions as a dominant-

negative form of STAT3 in many cellular contexts. STAT3P is overexpressed in B16 cells to

show that STAT3 signaling is essential for B 1 6 cell survival in vitro. B 1 6 cells are co-

transfected with pSVjneo and either a vector encoding both enhanced green fluorescent

protein (EGFP) and human STAT3b (pIRES-Stat3b), or the empty vector encoding only

EGFP (pIRES-EGFP). Since the pIRES-Stat3b construct contains an internal ribosomal
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entry site (IRES) to allow translation of STAT3b and EGFP from a single bicistronic mRNA,

detection ofEGFP can be used as a marker for STAT3b expression in the same cell.

Transfection efficiencies with pIRES-EGFP or pIRES-Stat3b vectors are very similar

as determined by the percentage of cells that exhibit green fluorescence at 36 hours post

transfection (FACS analysis). The remaining transfected plates are selected in medium

supplemented with G4 1 8. Since the transfection efficiencies ofthe two constructs in each

experiment are nearly the same, over 95% ofthe B 16 cells that received the STATBb

construct do not survive (only 6 colonies survive compared to 138 colonies in B16 cells

transfected with the empty vector). Of the six surviving colonies, the intensity of green

fluorescence is also much dimmer than in those transfected with the empty vector.

To determine whether expression of STAT3b can mediate cell death of other murine

tumor cells with activated STAT3, transfection is carried out in the TSA murine breast

carcinoma cell line. Consistent v^dth the B16 cells, a marked reduction in the number of

viable cells is observed in STAT3b-transfected TSA tumor cells, when compared to empty

vector-transfected control cells.

To ensure that the lack of survival in cells that receive STAT3b is not due to non-

specific toxicity, the same co-transfection conditions and G418 selection are performed with

normal mouse NIH 3T3 fibroblasts. The number ofG4 1 8-resistant clones are the same in

both empty vector and STAT3b-transfected cells, and no differences in the number of GFP-

positive clones or intensity of green fluorescence is observed. To assess whether the

sensitivity to STAT3b expression in B16 cells is due to transformation in general or requires

activated STAT3 signaling, MethA tumor cells that do not harbor constitutively-activated

STAT3 are transfected with either pIRES-Stat3b or pIRES-EGFP. While the number of live

B16 cells decrease dramatically as a resuh of STAT3b transient transfection, the number of

live MethA cells in both STAT3b and vector control groups remain the same 48 hours post-

transfection.

Intratumoral eiectroinjection of STAT3b vector leads to suppression oftumor growth

in vivo. The efficacy of gene delivery into 4-5 muUiple myeloma (average) B16 tumors is

determined by examining the percentage of tumor cells positive for GFP or b-galactosidase

(b-gal) after eiectroinjection with the respective vectors. Approximately 15% of the tumor

cells are scored as positive for b-gal expression (Figure 25(a)), and similar results are

obtained scoring for GFP expression.
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To determine the effects ofSTAT3b expression on in vivo tumor growth, we

electroinject 3-6 multiple myelomaB16 tumors with either pIRES-EGFP or pIRES-StatSb

plasmids. Ofthe fifteen mice that receive the empty vector by electroinjection (pIRES-

EGFP, 10 mice; pcDNA3, 5 mice), only one mouse temporarily regresses its tumor (Figure

25c). In contrast, 1 1 /20 tumors that receive STAT3b expression vectors (either pIRES-

Stat3b or pAdCMV-Stat3b) regress (compare Figure 25c and d). Five of these eleven tumors

demonstrate continue response, as no tumor regrowth is observed at the original tumor site at

sacrifice. In all of the experiments, the growth ofB16 Uimors is clearly inhibited by STAT3b

gene therapy in a majority of the mice (Figure 25b). Injection ofpIRES-Stat3b intratumorally

without electroporation, however, has no inhibitory effect on tumor growth.

Stat3 b-mediated tumor suppression involves apoptosis in January 1 7, 2000 vivo. To

determine the mechanism oftumor cell killing in vivo, B16 tumors (from experiment number

3 of Figure 25b) treated with either the empty vector or the STAT3b vectors are excised for

H&E staining and TUNEL assays. All ofthe 5 control tumors and 10 of the STAT3b-treated

tumors are stained with H&E. While none ofthe 5 control tumors show more than 10%

apoptotic cells, many of the STAT3b-treated tumors undergo massive apoptosis (Figure 26a

and b). Out ofthe 10 STAT3b-treated tumors, 5 regressing tumors had more than 50%

apoptotic cells (2 ofthem had greater than 90%). TUNEL/alkaline phosphatase assays for

apoptosis confirm that STAT3b treatment induces extensive apoptosis in B16 tumors (Figure

26c and d). In addition to apoptosis, infiltrating inflammatory cells in the apoptotic tumors

are observed in STAT3b-treated tumors.

DISCUSSION

In this study, a syngeneic mouse tumor model system is used involving the poorly-

immunogenic murine B 16 tumor to show that constitutively-activated STAT3 is a valid

molecular target for novel cancer gene therapy. Inhibition of activated STAT3 by its

dominant-negative variant, STAT3b, leads to a significant inhibition of tumor growth

mediated by tumor cell apoptosis in vivo.

The high incidence of STAT3 activation in human cancers firom diverse origins

implicates STAT3 signaling in neoplastic transformation. Results indicate that STAT3 is also

constitutively activated with high incidence in murine tumors, highlighting the importance of

STAT3 signaling in oncogenesis. Compared to the human myeloma line, U266, the levels of

activated STAT3 in the B 16 tumor cell line are relatively low (Figure 24). Such low levels
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of STAT3 activation have also been observed in human tumor lines and tissues, including

myeloma and breast cancer. The fact that expression of STAT3b kills nearly all of the B 1

6

tumpr cells in vitro suggests that low levels of constitutively-activated STAT3 is sufficient to

maintain tumor cell survival. These results also imply that human tumors with low levels of

constitutively-activated STAT3 are potential candidates for STAT3-targeted therapy. In

contrast to B16 and TSA tumor cells, expression of STAT3b has no detectable effect on the

survival of normal NIH 3T3 fibroblasts or the STAT3-negative MethA tumor cells,

suggesting that cells lacking constitutively-activated STAT3 are resistant to STAT3-targeted

therapy.

Recent studies described herein using human myeloma cells demonstrates that

STAT3b inhibits expression of the Bc1-Xl protein. These experiments show that STAT3b can

be a pro-apoptosis regulator in cells that require STAT3 function for survival.

In the case ofB16 tumors treated with the STAT3b gene via electroinjection, the

number of apoptotic cells also exceeds the number of cells transfected, consistent with

antitumor bystander effects. It is also notable that tumor infiltration by acute and chronic

inflammatory cells is observed after STAT3b expression. Not to be limited by theory, these

inflammatory cells may participate in killing of residual tumor cells. The bystander effect

augments the usefulness of the present invention by kUling tumor cells that surround

transfected cells.

EXAMPLE 12

The Antitumor Effect of an Inhibitor of STAT3 Signaling, the Tyrosine Kinase

Inhibitor AG-490, is Enhanced by Interleukin-12.

This example shows how combining AG-490 and IL-12 is an effective approach for

treatment of multiple myeloma as well as for other cancers harboring constitutively-activated

JAK-STAT signaling, by demonstrating the effect of blocking JAK-STAT signaling with

AG-490 on the survival ofmyeloma cells and on cytokine-mediated immune responses in

syngeneic murine myeloma models. Both murine MOPC and MPCl 1 myeloma cells form

rapidly growing and poorly immunogenic tumors. While in vivo treatment with AG-490

selectively induces apoptosis ofmyeloma cells, AG-490-induced tumor regression is

transient. This transient effect of AG-490 in the syngeneic murine tumor models allows one

to determine whether immunotherapy could potentiate AG-490-mediated antitumor effects.

However, many cytokines, including IL-12, are known to signal through JAK-STAT
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pathways, and AG-490 may therefore inhibit cytokine-mediated immvme responses, thus

interfering with cancer immunotherapy. Our example demonstrates that in vivo

administration ofAG-490 does not reduce IL-12-mediated activation of macrophage

cytotoxicity and IFN-g production by splenocytes. Furthermore, combinational therapy with

IL-12 and AG-490 results in prolonged tumor regression. These results show that combining

AG-490 and IL-12 may possess clinical potential as an effective approach for treatment of

multiple myeloma as well as for other cancers harboring constitutively-activated JAK-STAT

signaling.

MATERIALS AND METHODS

Cell lines. The murine myeloma cell lines MOPC, 8194, MPCl 1 , and J558 are

obtained from ATCC. All cell lines are maintained inDMEM medivmi supplemented with

10% fetal bovine serum, and 100 U/ml of penicillin/streptomycin.

Nuclear extracts and eletrophoretic mobility shift assay (EMSA). AG-490 in 0.1%

DMSO is diluted to the appropriate concentrations with RPMI medium supplemented with

10% fetal bovine serum and antibiotics as described above. Tumor cells are treated with 50

mM AG-490 before isolation of nuclei. Nuclear extract preparation and EMSA are

performed essentially as previously described (supra).

In vitro apoptosis assay. After a 24 hours incubation withDMEM medium

contaming 0, 25, or 50 mM AG-490, cells are stained with Annexin V-PE and 7-Amino-

actinomycin D (PharMingen, San Diego, CA). Dual-color fluorescence is measured on a

FACScan flow cytometer and analyzed using CellQuest software (Becton Dickinson,

Moimtain View, CA).

Splenocytes and interferon-gamma (IFN-g) production. Mice are treated daily with i.p.

injections of 100 ml ofAG-490 (0.5 mg) or DMSO vehicle (50%) for a total of 4 days.

During the last two days ofAG-490 or DMSO treatment, daily i.p. injection of400 ng of

recombinant IL-12 (rIL-12) (Genetics Institute, Cambridge, MA) is also given simultaneously

with either AG-490 or DMSO. Two days after the last treatment of AG-490, single cell

suspensions of splenocytes are prepared from individual mice. The splenocytes are treated

with 100 U/ml rIL-2 to induce IFN-g production. IFN-g ELISA (Genzyme, Cambridge, MA)

is performed as described previously (Tan, et al., 1996, Cancer Res 56:3399).

Peritoneal macrophage preparation and cytostatic test. Peritoneal cells are prepared

from the same mice treated with either AG-490/riL-12 or DMSO/rIL-12 as described above.
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The peritoneal macrophage population is enriched by adhesion on plastic plates followed by

washing and aspiration of non-adherent cells. The percentage of macrophages among

adherent cells is estimated by morphological criteria using Giemsa staining (>95%).

Antitumor cytostatic activity of macrophages is determined by inhibition ofDNA synthesis of

target tumor cells (J558 myeloma cells). Briefly, macrophage-sensitive J558 cells (2 x

10'*/well) are co-cultured for 48 hours with and without macrophages (2 x lOVwell) prepared

from individual mice. To estimate DNA synthesis, the cells are pulsed with ^H-thymidine

(^H-TdR) (0.25 mCi/well) during the last 6 hours of incubation. 'H-TdR incorporation is

determined using a liquid scintillation b-counter (Pharmacia Wallac, Finland). Results are

expressed as percentage of inhibition of'H-TdR incorporation by J558 cells incubated with

macrophages compared to 'H-TdR incorporation by J558 cells incubated in medium alone.

Nitric oxide production. Peritoneal macrophages (2 x 1 0'/0.2 ml/well) from mice

with various treatments are incubated 48 hours. Nitrite accumulation in macrophage

supematants were determined using Griess reagent.

In vitro IL- 12 activation and AG-490 treatment of macrophages. Peritoneal

macrophages (2 x lOVwell) are incubated in medium supplemented with either PBS, or rlL-

12 (2 ng/ml), or AG-490 (50 mM). Forty-eight hours later, the cultures are renewed by

addition of fresh medium with either AG-490 or rIL- 1 2 or PBS .
Activation ofmacrophages

is determined by nitric oxide production. Macrophage viability is determined by cleavage of

tetrazolium seilt in an MTT assay.

Mice and tumor formation in vivo. Six- to eight-week old female BALB/c mice are

obtained from the National Cancer Institute (Frederick, MD). Cohorts of 3-5 mice per group

are used for these experiments. Mice are shaved on the right flank and injected

subcutaneously (s.c.) with 5x10* of either MOPC or MPCl 1 cells in 100 mL ofPBS to

induce tumors.

In vivo treatment with AG-490 and IL-12. When tumors reach about 5 multiple

myeloma in diameter, AG-490 treatment oftumors is initiated and continued daily for 7-10

days. For MOPC tumors, injections of 0.85 mg/day ofAG-490 are given intratumorally,

supplemented with 0.5 mg/day of AG-490 i.p. For MPC 1 1 tumors, the intratumoral

freatment is halved while the i.p. dose remains the same. Control mice receive 50% DMSO

vehicle alone in the same volume as the AG-490 treatment group. Recombinant IL-12 is

given s.c. at either 100 ng or 200 ng every other day. Tumor growth is monitored daily by

measuring two perpendicular tumor diameters with a caliper, and tumor volume was
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calculated according to the formula V=0.52*a*b*(a+b)/2 (a=sinallest superficial diameter;

b=largest superficial diameter).

Terminal deoxynucleotidyltransferase-mediated dUTP-Digoxigenin nick-end-labeling

(TUNEL) assay. MOPC tumors that receive either AG-490 or 50% DMSO treatment are

used for this assay. Three-^m sections from paraffinized tissues are dewaxed and rehydrated

according to standard protocols. After incubation widi proteinase K (30 min at 2 1° C), the

TUNEL reaction mixture (Boehringer Mannheim, Indianapolis, IN) is added to rinsed slides,

which are incubated in a humidified chamber for 60 seconds at 37° C. This is followed by

incubating with Converter-AP (50 ml) and substrate solution (50 ml). The reaction is

visualized by light microscopy.

RESULTS

AG-490 treatment results in inhibition ofMOPC and MPCl 1 tumor growth and

induction of apoptosis in vivo. Both MOPC and MPC 1 1 myeloma cells are rapidly

growing, poorly immunogenic tumors in vivo. Mice with 5-mm pre-existing MOPC tumors

are treated with either AG-490 or DMSO vehicle subcutaneously for 3 days followed by

intratumoral injections, and supplemented with daily i.p. injection (see MATERIALS AND

METHODS for dosing). All of the AG-490 treated tumors completely regress within 3-8

days (Figure 27A). However, tumor regrowth is observed in all of the AG-490 treated mice

except for one, which develops metastatic foci 2 months after the treatment. Mice with 5

multiple myeloma pre-existing MPCl 1 tumors are also treated with either AG-490 or DMSO.

AG-490 treatment induces rapid rejection ofMPCl 1 tumors in all treated mice (Figure 28B).

However, tumor regrowth or metastasis is observed within 4-7 days after termination ofAG-

490 treatment (Figure 28B).

To determine whether AG-490-induced tumor growth inhibition is associated with

tumor cell apoptosis, regressing MOPC tumors are examined by TUNEL assay to detect

apoptotic tumor cells. As shown in Figure 27B, while control tumor specimens has no

clearly apoptotic cells (panel a), ttimor specimens prepared from AG-490-treated mice

contain high numbers of apoptotic cells (panel b).

AG-490 does not inhibit in vivo IL-12-induced activation of splenocytes and

peritoneal macrophages. While the antitumor effect ofAG-490 is transient, cytokine-based

immimotherapy can lead to long-term antitxmior immune responses. To demonstrate the

potential of combining JAK inhibitors with cytokine treatment in order to achieve a
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prolonged antitvimor effect, we analyze the effect ofAG-490 on IL-12-activated immune

responses. In vivo treatment of mice with IL-12 has been shown to induce IFN-g production

by T lymphocytes andNK cells ex vivo. Whether AG-490 administration would affect rlL-

1 2-induced IFN-g production by splenocytes ex vivo is examined. Although a sHght

suppression of IL-1 2-induced IFN-g production by splenocytes from AG-490 treated mice is

observed in all experiments, the increase in IFN-g production by splenocytes as a result of

rIL-12 administration is the same in both the AG-490- and DMSO-treated animals.

IL-12 is also known to stimulate macrophages. Therefore the effect of in vivo

treatment with AG-490 on the ability of peritoneal macrophages to suppress proliferation of

tumor cells is examined. Daily i.p., in vivo treatment ofAG-490 does not influence IL-2-

induced cytostatic activity ofperitoneal macrophages against target tumor cells, since the

percentages of inhibition oftumor cell proliferation by macrophages derived from AG-490-

or DMSO-treated mice are similar.

AG-490 does not induce cell death of IL- 1 2-activated macrophages in vitro. In

contrast to in vivo treatment with AG-490, in vitro treatment of macrophages with the

inhibitor prevents or suppressed IL-12-mediated nitric oxide production (Table 3). However,

whereas AG-490 causes efficient apoptosis ofmyeloma cells with activated STAT3 (Table

1), no cell death is detected in IL-12-activated peritoneal macrophages treated with 50 mM

AG-490 (Table 3).

Recombinant IL-12 augments the AG-490-mediated antitumor effect. As shown in

Figure 28B, AG-490-mediated tumor regression in the MPCl 1 model is transient.

Simultaneous administration ofAG-490 and rIL-12 at the same location (i.p.) does not

interfere with IL-12-induced activation of macrophages and splenocytes (Table 2). Whether

treatment with low doses of rIL-12 would prolong the AG-490-mediated antitumor effect is

then determined. While treatment with rIL-12 alone only slightly inhibits tumor growth

(Figure 28A), dual treatment with AG-490 and rIL-12 results in a significant delay oftumor

regrowth and/or development of metastasis compared to treatment with AG-490 alone

(Figure 28B).

DISCUSSION

Syngeneic murine models ofmyeloma show that combining AG-490 treatment with

immunotherapy has therapeutic potential especially in view ofthe fact that the

immunotherapy can help eliminate minimal residual disease and/or induce long-term

antitumor immunity. Our current example demonstrates that treatment with AG-490 does
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not affect IL-12's ability to activate resident peritoneal macrophages and splenocytes in vivo.

In addition, the partial response to AG-490 in the murine myeloma models demonstrates that

IL-12 treatment significantly enhances the AG-490-mediated antitumor effects.

The present example illustrates a synergism between AG-490 and IL-12 for tumor

treatment. Because the majority of hematopoietic malignancies harbor constitutively

activated JAK-STAT, administration ofAG-490, or other STATS inhibitor, in conjunction

with immunotherapy represents an attractive novel approach for the treatment of these

diseases, and is an embodiment ofthe present invention.

EXAMPLE 13

Peptides that Bind to STATS.

In this example, small peptides that bind to fiill-length STAT3, bind the SH2 domain

of STAT3, and/or disrupt STAT3 DNA-binding activity, are disclosed. Also disclosed are

novel methods for high-throughput screening ofsuch peptides. Such peptides are useful in

the present invention as possible inhibitors of STAT3 signaling, and as lead compounds in the

development of such inhibitory pharmaceuticals. Promising small molecule disrupters of

STAT3 are tested for their abilities to block STAT3 signaling in intact cells transformed by

Src. The activities assayed in NIH3T3 fibroblasts are: (a) inhibition of STAT3-mediated

DNA-binding activity, (b) inhibition of STAT3-specific transcriptional activation, (c) reversal

of cell transformation and (d) toxicity to normal cells. Methods for rapidly screening such

compounds are advantageous in the present invention, because conventional assays, such as

EMSA, require large amounts of radioactivity and cumbersome gel electrophoresis.

Therefore these conventional assays are slow and expensive compared to the novel assays

disclosed herein.

The major mechanisms of action assayed in high throughput in vitro assays are: (a)

disruption of STAT3 DNA-binding activity and (b) disruption of STAT3 SH2 domain-

phosphotyrosine interactions. These assays determine the potential of peptides to disrupt

STAT3 function, assess the selectivity of these disrupters for STAT3 relative to other STATs,

and define the molecular mechanism of this disruption.

METHODS
Phage display peptide libraries are used because of two powerful features. First,

phage libraries generate an enormous diversity of peptides that can be subjected to affinity
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selection by panning.. Second, phage display libraries provide a direct physical link between

the peptide being displayed on the phage and the DNA sequence encoding it. These

combinatorial libraries are based on random short peptide sequences fused to a coat protein of

bacteriophage, herein pIII of the filamentous coliphage M13. Panning of the peptide library

using an immobilized target, herein STAT3 fiision proteins bound onto beads, is used to

select for peptide sequences that bind to STAT3. Bound phage are eluted, subjected to more

rounds of affinity selection to enrich for specific binding to STAT3, and then the phage

DNAs encoding the displayed peptides are sequenced. Peptide sequences that occur at

elevated frequencies are good candidates for STAT3-specific binding peptides. Two types of

phage display peptide libraries are used: a linear peptide library, where the displayed peptide

is at the N-terminus of the fiision protein, and libraries based on cyclic peptides. In the latter

case, the displayed peptide is a short random sequence flanked by two cysteine residues that

form a disulfide link and cyclize the peptide. These cyclic peptides have the advantage of

reducing entropic fi-eedom, thereby potentially increasing binding specificity and affinity

relative to linear peptides. Another variation on this approach is to combine "affinity

maturation" with the phage display peptide library [Scott & Smith, 1990, Science, 249:386-

390].

The GST-Stat3 fiision protein is purified on glutathione-Sepharose beads according to

standard methods. The first library screened is obtained from a commercial source (New

England Biolabs) and consists of random 12 amino acid sequences with a complexity of 1.9 x

10' independent transformants, each theoretically represented approximately 70 times in 1.4 x

10" phage particles. The displayed 12-mers are at the extreme N-terminus of the mature pIII

protein ofM13 phage, and are followed by a spacer (Gly-Gly-Gly-Ser) linking it to the pIII

sequence. Extensive sequence analysis of the library, prior to selection, reveals a lack of

positional biases except for the expected lack ofproline in the first position. This is due to

the inability of peptidases to cleave adjacent to proline residues in the peptide leader

sequence, which is required for secretion. The titer of the original phage library after one

round of ampUfication is 1.4 x 10'^ pfii/ml (plaque forming units per ml).

For panning phage with the STAT3 fiision protein, 50 ul of glutathione-Sepharose

beads bound to purified GST-Stat3 fiision protein are washed with phosphate buffered saline

(PBS). The beads are then incubated with 10 ul of phage suspension (1 .4 x 10'
'
virions) in

200 ul final volume ofPBS for 30 min at room temperature with occasional mixing. The

beads are gently pelleted in a microcentriftige, and washed 10 times with 1 ml ofPBS to



wo 00/44774 PCT/USOO/01845

51

remove unbound phage. Backgroxind of non-specifically bound phage is reduced by a variety

ofmethods, including pre-blocking the beads with bovine serum albumin, pre-clearing the

phage library with GST-glutathione-Sepharose beads, and washing the beads with increasing

salt concentrations. Bound phage virions are eluted from the beads by incubation with a

molar excess of glutathione for 30 min at room temperature. A small aliquot ofthe ph^e

eluate is titered and the rest is amplified on the co/» ER2537 host strain. Following

amplification, the phage are purified by polyethylene glycol (PEG) precipitation and then the

titer is determined again. Using 1-2x10" phage particles from the amplified eluate as input,

the above binding and amplification steps are repeated a total of 3 to 4 times. After the final

titering step, 40-100 isolated plaques are amplified for DNA sequencing to identify a

consensus binding sequence. Sequence analysis is performed by automated sequencing on a

Pharmacia ALF sequencer.

Different STAT3 deletion mutants (Figure 29) are used as targets together with

different phage display peptide libraries. It should be noted that, due to the lack oftyrosine

phosphorylation in bacterial cells, all of the STAT3 targets are in the monomeric form (as

opposed to dimeric form). This monomeric form has the important advantage that all

surfaces which could potentially interact with the peptide libraries are exposed. This

includes STAT3 surfaces that mediate protein-protein interactions involved in dimerization as

well as the surfaces involved in protein-DNA interactions.

The strategies of affinity maturation are used to improve combinatorial screening.

One such strategy involves generation of a secondary phage display library by mutagenesis of

the "best" (but still sub-optimal) sequence selected from the initial library, followed by

further selection. This mutagenesis-selection strategy is repeated several times to generate a

family of related sequences with improved binding affinity. However, this strategy has the

disadvantage of starting with only one sub-optimal sequence, which may not ultimately lead

to the very best sequence. A preferred strategy, therefore, is to initially select a mixture of

sub-optimal sequences with diverse affmities by low stringency selection. This mixture is

then mutagenized and subjected to several rounds of selection with mcreasing stringency. At

the final round of mutagenesis, the best sequence in the pool is isolated by the most stringent

selection.

A more directed approach is to identify a consensus sequence from screening the

initial Ubrary as described above, and then fix two or more residues in the consensus while

varying the other residues in a secondary library. This significantly increases the probability
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of finding the very best sequence in terms ofSTAT3-binding affinity fi-om the library.

Another advanteige of this more directed approach is that a six amino acid sequence is better

suited for designing peptidomimetics.

In the present example, we constract a fusion protein of full-length STAT3 and

bacterial glutathione S-transferase (GST) to achieve large-scale expression in E. coli and

easy purification using afBnity chromatography. In addition to the full-length STATS

construct, we also fuse the GST protein to various STATS mutants, including N-terminal and

C-terminal deletion mutants, as well as the isolated SH2 and DNA-binding domains (Figure

29). Constructs are generated by PGR, and proteins are expressed in bacteria and purified by

glutathione-sepharose.

High throughput screening. A novel non-radioactive, 96-well plate based assay is used for

measuring STATS DNA-binding activity (Figure SO). In this high throughput assay, a

biotinylated hSIE probe is used in place ofthe ^^P-labeled hSIE probe used for EMSA to

detect binding of STATS dimers. The hSIE oligonucleotide is a high-affinity mutant of the

original ji^-inducible element in the c-fos gene promoter that binds STATS. The biotinylated

hSIE probe is immobilized onto a streptavidin-coated 96-well plate, permitting a large

number of compounds and concentrations to be tested in a single experiment. The source of

activated STATS is extracts derived from Sf9 insect cells co-infected with baculoviruses

encoding STATS and either the Src or Fes tyrosine kinases. Using this baculovirus
"A

expression system, high levels of activated STATS duners are produced as a result of

phosphorylation by the co-expressed tyrosine kinases. Activated STATS is added to the 96-

well plate in the presence or absence of the compounds to be screened. After incubation for

30 min with compoxmds, STATS dimers that bind to the biotinylated hSIE probe are detected

with an anti-StatS primary antibody (Santa Cruz Biotechnology) followed by a horseradish-

peroxidase conjugated secondary antibody. Immune complexes are detected by colorimetric

conversion of the substrate, S,S',5,5'-tetramethylbenzidine (TMB) peroxidase, using a

conventional ELISA plate reader. Epitope tagged versions of STATS expressed from

baculoviruses have also been generated that are detected using the cognate primary

antibodies. We fmd these anti-tag antibodies to be more sensitive and/or specific.

To facilitate these high throughput, 96-well plate assays, the screening is automated

using an available Beckman 2000 Biotek robotics workstation coupled to an ELISA plate

reader. The computer-progranuned robotics workstation has multi-voliune, multi-component
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mixing capability that greatly accelerates all of the high throughput assays. Inhibition of

STATS DNA-binding activity in this assay is readily detected as a loss of signal relative to the

controls without added compound. As a positive control and to establish the DNA-binding

specificity, activated STATS is added in the presence of either excess firee hSIE

oligonucleotide for competition or a non-binding oligonucleotide, FIRE. Our results show

that this 96-well plate assay is specific for detecting STATS DNA-binding activity. As a

negative control, extracts fi^om IFNa-stimulated cells are used as a soxu^ce of STATl, which

also binds the hSIE. Initial screens are performed at high concentrations ofcompounds (e.g.,

100 uM), and active compounds are further tested in concentration-response studies.

A second assay specifically designed to detect disruption ofphosphotyrosine-SH2

interactions is shown in (Figure SI). This high throughput assay is based on a synthetic

peptide corresponding to the tyrosine phosphorylation site in STATS and sxirrounding

sequence, EADPGSAAPY*LKTK (where Y* is phosphotyrosine), which mediates STATS

homodimer formation. The phosphopeptide is biotinylated and inmiobilized on streptavidin-

coated 96-well plates. Purified, bacterially-expressed GST fusion protein containing the

isolated SH2 domain of STATS that binds this phosphotyrosine is then added in the presence

or absence of compounds. GST-SH2 fusion protein bound to the immoblized

phosphopeptide are assayed by addition ofa primary anti-GST antibody, followed by a

horseradish peroxidase-conjugated secondary antibody. Again, inmiune complexes are

detected by colorimetric conversion of the substrate, S, S*, 5, 5 -tetramethylbenzidine (TMB)

peroxidase, using a conventional ELISA plate reader. Inhibition ofphosphotyrosine-SHl

interactions is detected as a decrease in GST-SH2 binding to the immobiUzed

phosphopeptide. To confirm that dismption of dimerization can be detected by this assay,

we introduce an excess of soluble phosphorylated or unphosphorylated STATS peptide

containing the SH2-binding tyrosine. A variation of this assay is also employed with the

phosphopeptides and SH2 domains derived from other STAT family members, including

STATl and STAT5, as a control for specificity of active compounds towards STATS.

RESULTS

Full-length GST-StatS, immobilized to glutathione-Sepharose beads, is used to screen

a phage display peptide library containing 1 .9 x 10' random 12-mer peptides positioned at the

N-terminus of a minor coat protein (pIII) of the Ml S filamentous bacteriophage. Based on
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their frequencies shown in Table 1, the five most promising peptides from a 12-mer peptide

library that bind to ftill-length STAT3 are listed.

TABLE 1. Peptides that Bind to Full-length STATS (12-mer Peptide Library).

Motif Peptide Sequence Frequency (out of 100 clones)

1 HY(S/P)PILVYQPSW 25%
2 ODVHLTQOSRYT 13%

3 SHPWNAQRELSV 9%
4 YPAPQPLVTKTS 8%
5 FSYPLTRAPLNM 8%

As a second approach, the SH2 domain of STAT3 is isolated as a target for screening

7-nier peptide phage display libraries. These screens identify three additional peptides that

bmd the SH2 domain with elevated frequencies (Table 2).

TABLE 2. Peptides that Bind the SH2 Domain of STAT3 (7-mer Peptide Library).

Motif Peptide Sequence Frequency (out of 100 clones)

1 HAIYPRN 16%

2 ASTLPKA 7%
3 lOSPHFF 6%

A total of 19 synthetic peptides are tested based on the PY*LKTK sequence

(Y*=phosphotyrosine) and their ICjo is determmed in terms of disruption ofSTAT3 DNA-

binding activity in vitro (Table 3). These results represent important leads because they show

disruption of STAT3 DNA-binding activity with peptides containing as few as 3 or 4 amino

acids, which is ideal for the synthesis of peptidomimetic combinatorial libraries.

TABLE 3. Disruption ofSTATS DNA-binding Activity.

Peptide IC,„(mM)

PY*LKTK 280

PYLKTK ne

AY*LKTK 204

PY*AKTK ne

PY*LATK 289

PY*LKAK 300

PY*LKTA 320

PY*LK 410

PY*FK 1000
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Y*LK ne

AY*LK 365

Ac-Y*LK 421

Ac-PY*LKTK 212

PFLKTK ne

Ac-PY*LK 156

PY*LA 326

Ac-PY*LA 288

PY*L 182

AY*L 147

(Y*=phosphotyrosine; ne=no effect; Ac=acetylatioii)

EXAMPLE 14

Luciferase-based in vivo Screening System for Small Molecules that Disrupt STAT3

Signaling.

Rapid and inexpensive screening to identify compounds that specifically inhibit STAT

signaling is an object of the present invention. Such compounds may include peptides or

other low molecular weight compounds. In this example it is shown that a cell line suitable

for rapid screening of such compounds may be constructed using spectroscopic detection

whereby specific inhibition of STAT3 signaling by a test compound results in a change in the

relative intensities of light emission from two spectrally distinguishable variants of luciferase,

where one variant is linked to a STAT3-responsive promoter and the other variant is linked to

a non-STAT3-responsive promoter. A cell line is constructed by conventional techniques of

molecular biology and cell biology well known to those of skill in the art, which comprises a

first reporter gene such as a gene encoding a luciferase protein having a distinct emission

spectrum, and transcription of the mRNA is controlled by a STAT3-responsive promoter.

Most preferably,

v-Src transformed cell lines possessing constitutive STATS DNA binding activity and

overexpressing the STAT3-dependent luciferase reporter are used. A second gene, encoding a

second luciferase protein with a different emission spectrum to the first luciferase is also

incorporated into the cell line such that transcription ofthe mRNA corresponding to the

second luciferase is controlled by a promoter that is not responsive to STAT3 signaling.

Light emission from such a cell line may be recorded before and after addition of a

test compound. Specific inhibition of STAT3 signaling is detected by a decrease over a

suitable time of light emission from the luciferase gene product linked to the STAT3-
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responsive promoter, without a corresponding decrease in light emission corresponding to the

second luciferase.

The cell line is preferably eucaryotic. The assay may be conveniently carried out in

microtitre plates in a conventional plate reader. Robotic control of screening permits rapid

and reproducible screening of large numbers of compounds.

Several references to publications \sdthin the scientific literature appear in the forgoing

description of the present invention, which are hereby incorporated in their respective

entireties by reference.

The invention may be embodied in other forms or carried out in other ways without

departing from the spirit ofthe invention or the essential characteristics thereof The present

disclosure is therefore to be considered in all respects illustrative and not restrictive, the scope

of the invention being indicated by the appended Claims, and all changes that come within the

range and meaning of equivalency are intended to be embraced therein.
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What is claimed is:

1 . A method of inhibiting growth of cancer cells in a patient, comprising:

administering to said patient an effective amount of an antagonist of STAT (signal

transducer and activator of transcription) signaling, wherein said antagonist is an

inhibitor ofSTAT dimerization, an inhibitor of a tyrosine kinase capable of

phosphorylating STAT, an antagonist of SH2-pY interactions, a dominant negative

STAT protein, an antagonist ofSTAT DNA binding, a tyrphostin inhibitor, an

antagonist of STAT-dependent gene transactivation, an antagonist of IL-6 receptor

activation, an antagonist of a cytokine that constitutively activates STAT, an

antagonist of a growth factor that constitutively activates STAT, or mixtures thereof

in a pharmaceutically acceptable carrier.

2. The method of claiml, wherein said STAT is STAT3.

3. The method of claim 1, wherein said tyrosine kinase is Jak, Src, or BCR-Abl.

4. A method of inducing apoptosis in cancerous cells of a patient, comprising:

administering to said patient an effective amount of an antagonist of STAT3

activation, in a pharmaceutically acceptable carrier.

5. A method of inhibiting tumorigenesis in a patient, comprising:

administering to said patient an effective amount of an antagonist ofSTAT3

activation, in a pharmaceutically acceptable carrier.

6. A method of inhibiting neoplastic transformation of a cell of a subject, comprising:

administering to said patient an effective amount of an antagonist ofSTAT3

activation, in a pharmaceutically acceptable carrier.

7. A method of increasing the efficiency of a chemotherapeutic agent for selectively killing

cancer cells in a patient, comprising:

administering to said patient an effective amount of an antagonist of STAT3

activation, in a pharmaceutically acceptable carrier; and

further administering to said patient at least one dose of said chemotherapeutic

agent,

8 . A method of increasing the efficiency of radiation therapy for selectively killing cancer

cells in a patient, comprising:
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administering-to said patient an effective amount of an antagonist ofSTATS

activation, in a pharaiaceutically acceptable carrier; and

further administering to said patient at least one application of said radiation

therapy.

9. A method to induce apoptosis in the cells of a solid tumor, comprising:

contacting said tumor with a solution containing an effective quantity of an

antagonist ofSTAT signaling, wherein said antagonist is an inhibitor ofSTAT

dimerization, an inhibitor of STAT tyrosine phosphorylation, an antagonist of SH2-

pY binding, an antagonist ofSTAT DNA binding, a tyrphostin inhibitor, an

antagonist of transactivation of a gene by STAT, an antagonist of IL-6 receptor

activation, an antagonist of a cytokine that constitutively activates STAT, an

antagonist of a growth factor that constitutively activates STAT, or mixtures thereof

in a pharmaceutically acceptable carrier; and

electroporating said tumor, whereby said antagonist ofSTAT signaling enters said

cells of said tumor,

whereby apoptosis is induced in said cells.

10. A method to induce apoptosis in the cells of a solid tumor, comprising:

contacting said tumor with a solution containing an effective quantity of a DNA

construct encoding a dommant-negative variant STATS protein and fiirther encoding

genetic control elements directing expression of said protein within said cells of said

tumor; and

applying electroporating means to said tumor, whereby said DNA is placed within

said cells of said tumor,

whereby apoptosis is induced in said cells.

11. The method as in claim 1 0, wherein said dominant-negative variant STATS protein is

STATSb.

12. A method of treating a cancer of a patient, wherein said cancer has constitutively

activated JAK-STAT signaling, comprising:

administering to said patient an effective amount of a tyrphostin inhibitor in a

pharmaceutically acceptable carrier; and

further administering to said patient an effective amount of IL-12 in a

pharmaceutically acceptable carrier.

IS. The method as in claim 12, wherein said tyrphostin inhibitor is AG490.
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14. The method as in claim 12, wherein said tyrphostin inhibitor is AG 17, AG213

(RG50864), AG18, AG82, AG494, AG825, AG879, AGl 1 12, AG1296, AG1478,

AG126, RG13022, RG14620, AG555, or related compounds.

15. A cell line for screening compounds for specific inhibition ofSTAT signaling,

comprising:

a viable cell, said cell comprising:

a first reporter gene operably linked to a STAT3-responsive promoter, and

a second reporter gene operably linked to a promoter that is STAT-3 independent.

16. The cell line of claim 16, wherein said first and second reporter genes encode luciferase

protein variants with different light emission spectra.

17. The cell line of claim 16, wherein said cell is a eucaryote.

18. A method for high throughput screening of compounds that specifically inhibit STAT

signaling in the cells of claim 17, said method comprising:

contacting a multi-well receptacle with a suspension of said cells in a suitable liquid

medium, such that each well of said receptable contains a separate sample of said

cells,

contacting said cells with at least one of said compoimds,

measuring light spectra emitted by said cells, and

analyzing said light spectra to determine relative activation of said first and second

reporter genes,

whereby compounds specifically inhibiting activation of said STAT3-responsive

promoter are identified.
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lack support, and the application so lacks disclosure, that a meaningful

search over the whole of the claimed scope is impossible. Consequently,

the search has been carried out for those parts of the claims which
appear to be clear, supported and disclosed, namely those parts relating

to the methods defined by reference to antagonism of STATS.

The applicant's attention is drawn to the fact that claims, or parts of

claims, relating to inventions in respect of which no international

search report has been established need not be the subject of an

international preliminary examination (Rule 55.1(e) PCT), The applicant

is advised that the EPO policy when acting as an International

Preliminary Examining Authority is normally not to carry out a

preliminary examination on matter which has not been searched. This is

the case irrespective of whether or not the claims are amended following

receipt of the search report or during any Chapter II procedure.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. Claims: partially 1-2,4-9 ; completely 3,12-14

a method of inhibiting growth of cancer cells in a patient,
inducing apoptosis, inhibiting tumori genesis, inhibiting
neoplastic transformation, increasing the efficiency of a
chemotherapeuti c agent or a radiation therapy for
selectively killing cancer cells, inducing apoptosis in the
cells of a solid tumor, comprising administering an
effective amount of an antagonist of STAT signaling, wherein
said antagonist comprises at least a tyrosine kinase capable
of phosphorylating STAT or a tyrphostin inhibitor ; a method
of treating a cancer of a patient, wherein said cancer has
consti tuti vely activated JAK-STAT signaling, comprising :

administering an effective amount of at least a tyrphostin
inhibitor.

2. Claims: partially 1-2,4-9

a method of inhibiting growth of cancer cells in a patient,
inducing apoptosis, inhibiting tumori genesi s, inhibiting
neoplastic transformation, increasing the efficiency of a

chemotherapeuti c agent or a radiation therapy for
selectively killing cancer cells, inducing apoptosis in the
cells of a solid tumor, comprising administering an
effective amount of an antagonist of STAT signaling, wherein
said antagonist comprises at least an antagonist of SH2-pY
interactions

3. Claims: partially 1-2,4-9 completely 10,11

a method of inhibiting growth of cancer, inducing apoptosis,
inhibiting tumori genesis, inhibiting neoplastic
transformation, increasing the efficiency of a

chemotherapeuti c agent or a radiation therapy for
selectively killing cancer cells, inducing apoptosis in the
cells of a solid tumor, comprising administering an
effective amount of an antagonist of STAT signaling, wherein
said antagonist comprises at least a dominant negative STAT
protein

4. Claims: partially 1-2,4-9

a method of inhibiting growth of cancer cells in a patient,
inducing apoptosis, inhibiting tumori genesis, inhibiting
neoplastic transformation, increasing the efficiency of a

chemotherapeuti c agent or a radiation therapy for
selectively killing cancer cells, inducing apoptosis in the
cells of a solid tumor, comprising administering an
effective amount of an antagonist of STAT signaling, wherein
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said antagonist comprises at least an antagonist of STAT DNA

binding

5. Claims: partially 1-2,4-9

a method of inhibiting growth of cancer cells in a patient,

inducing apoptosis, inhibiting tumori genesis, inhibiting
neoplastic transformation, increasing the efficiency of a

chemotherapeutic agent or a radiation therapy for
selectively killing cancer cells, inducing apoptosis in the

cells of a solid tumor, comprising administering an

effective amount of an antagonist of STAT signaling, wherein

said antagonist comprises at least: an antagonist of IL-6

receptor activation, an antagonist of a cytokine that

const i tutively activates STAT or antagonist of a growth

factor that consti tuti vely activates STAT

6. Claims: completely 15-18

a cell line for screnning compounds for specific inhibition

of STAT signaling comprising a first reporter gene operably

linked to a STAT3 responsive promoter and a second reporter

gene operably linked to a promoter that is STAT3 independent

; a method for high throuhput screening of compounds that

specifically inhibit STAT signaling in this cell line
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